
Irmed Services Technical Information Agency
DOCUMENT SERVICE CENTER

KNOTT BUILDING, DAYTON, 2, OHIO

NCL A SFIED



STATUS OF RESEARCH IN AMERICAN GEOGRAPHY

One of a series of fen reports prepared by

Committees of the Dwision of Geology and
Geography. National ResMech Council4 under
contract with the Office of Natal Research

Contract N7onr.29124

PHIYSICAL, GEO(GRAPHIY

1h'yt IA-mflwS.
Chairman

DIVISION OF GEOLOGY AND GEOGRAPHY
NATIONAL RESEARCH COUNCIL

WASHINGTON. 1). C.

1952



Best
Avai~lable

copy



STATUS (O RESEARCH IN AI)ICAN OGOGRAPHY

One of a series of ten reports prepared by
Comittees of the Division of Geology and
Geography, National Research Council, under
a grant frca the Office of Naval Research

Contract N7onr-29124

REPORT ON PHYSICAL GEOGRAPHY

of the

CCaOITTE ON PHYSICAL GEOGRAPHY AND =GOGRAPHY

Hoyt Lemons, Chairman
Carleton P. Barnes John Leighly
Kirk Bryan (deceased) lama B. Leopold
C. J. Burke Jacques M. May
George B. Cressey Howard A. )eyerhoff
P. E. James Louis C. Peltier
C. F. Jones Finn Ronne
A. W. Kfichler Richard J. Russell
Douglas H. K. Lee Laurence C. Stuart

Sir Hubert Wilkins

Division of Geology and Geography

National Research Council

This is one of ten reports prepared to evaluate and
describe the current status and future potential of
research in various fields of American Geography.
The coordinators of the study were Preston E. James

and Clarence F. Jones.

National Academy of Sciences - National Research Council

Washington, D. C.

1953



PHYSICAL GEOGRAPHY

This chapter in ccmpleted form will
have the following page numbers:

Introduction ................................... A-i.

Climatology .................................... R-I to B-41, incl.

Geomorphology ................................. C-1 to C-38, "

Soil Geography ................................. D-1 to D-20,

Hydrology ...................................... E-I to E-19,

Physical Oceanography .......................... F-1 to F-22,

141 pages

4



Physical A - 1

IN7RCURTIOK

This section is not to be included
in the volume, and is therefore
missing in this preliminary copy.

(Preston E. James, Chairman,
Committee on American Geography)

I

S1



-Physical. OOegrpby . '

,. : amr"y Deve~one~nt

Begimin. In4 the United States the middle of the twentieth century

marks the close of a sigificant hundred-year period in the study of clinte.

The time before 1850 mitt appropriately be called the cradle-age of our

clizatology. Most of our climatologit works of that period are included in

a series of publications issued by the Surgoon-General' s office of the United

States Arx /1/. The coucern of responsible medical officers with weather

and climate arose from the prevalence among the widely scattered troops of the

Army of diseases apparently relatei to climate. Specifically, men stationed

in the Gulf states suffered from .-alarial and dysenteric ailments more than

did those in the northern states. The most ip ortant source of climatolog

in our country, most impoxtant because of the wide distribution of stations

at which observations were made accordiqg to standard regulations, was thus

in the deficiencies of medical science ia the early nineteenth century. The

observations8 uade at military posts formed the only general body of cli0.t-

ologic data accumulated before the Smithsonian Institution established its

net of observing stations In the late eighteen-forties.

We results of these observations were made known in a series of publi-

cations which with time became ever balkier 12/. Out of them came the first

general work on the climate of the United States, by Samuel Forry (1811-1844)

J3/, who had earlier worked up the "Meteorological Register"' and the

"Statistical Report on the Sickness and Mortality in the Army of the United

States," In his "Climate of the United States," the most important of our
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clizatologic incunabula, Forry stood firmly on the foundation laid by

Alexander von Humboldt. He used Rhmboldt* s terminologr and Humboldt'Is defini-

tion of climate: "the aggrept .of, &11a the xternal circumstances appertain-

ing to each locality in its relation to organic nature." .Torry!s book contains

as a frontispiece the first temperae1re map of the United States. It bears

winter isotherms for 260 and 410 Fahrerheit, maez isotherms for 66° and 810,

and the annual mean isotherm of 51.750 (ansnl mean for Fort Vancouver on the

Columbia), all drawn schematically and without regard to relief. Forry

emphasized, as he had earlier in the publications of the Medical Department,

the effects on the distribution of temperature of what we should today call

"continentality," and of the Great Lakes.

Lorin Blodget and the Smithsonian Institution. There was no sharp

break as the nineteenth• century passed its meridian; even the persons involved

in the study of clinate remained in part the same. obrry died untimely; but

the next name that is written large in the history of our climatologr at the

middle of the century, tnat of Lorin Blodget (1823-1901), is linked with the

work of the Medical Department of the ArnW. -7ith Joseph Henry' s initiation

of an organized net of observing stations in 1849, under the auspices of the

Smithsonian Institution, the investigation of climate moved on to a larger

stage. From the time of his assumption of the secretaryshio of the newly

founded Smithsonian Institution, Henry (1799-1878) directed its funds into

work in meteorology. Aside from current observations, mbich, in accordance

with Henry's interests, were primarily undertaken for wbat would today be

called synoptic purposes, the working up of earlier observations was kept

in mind. The first larger result of this more strictly climatologic interest.,

among the pablicatiois of the Institution, was James H. Coffin' a memoir on the
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winds of the northern hemisphere, published in 1854.

As the material from the observing stations acewmil.ted, it becsa

necessary to ep•1Irsomeone to take charp of working them up. Her7 employed

Blodget for this task, and Blodget entered on his duties at the end of 1851.

A year and a half later Blodget been to report publicly on his work. At

the meeting of the American Association for the Advancement of Science held

in June, 1853, he read four papers, the material of which was drawn from the

observations he was working on 14/. And on the same occasion the obverse of

Blodgetis activity, the aispleasure of his superior, Henry, was exhibited in

public. Henry reminded his and Blodget' s hearers that the material of which

Blodget ias speaking was collected by certain public agencies, and that these

agencies should be credited with it. Friction between Blodget and Henry

ended with Blodge•'s dismissal at the end of 1854, when Henry employed Coffin

in his place.

But now two long papers by Blodget appeared, which were later incor-

porated, in amplified and revised form, into his justly famous "Climatology

of the United States"' /51. The first is a work on the agricultural clima-

tology of the United States, published in 1854 16. Frokn this-came the

chapters of the Climatology on the general character of the Climate af .w

various sections of the country, the comparison of these climates with those

of Europe, and the capacity of the American cliage for agricultural staples.

The two other essential chapters in the Climatolog, those on the distribu-

tion of temperature and precipitation, with their accompanying charts, are

revised from a contribution to the Army Meteorological Reoister for the

years '1843-1854 / I/.

Joseph Henry's disapproval of Blodget' s work followed him as these
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v.orks appeare. In the fTirst of a series of papers on the general subJect

of meteorology in its conr.ection with agiculture, publisned in the Agricultur-

al leport of the Comissioaer of Wuteotj, IW55 to 1858 1/8, Henry praised

the tabular jart of the Army Ieteorological Register published in 1855, but,

without mentioning Blodoet' s name, decried the temperature maps as "prewature

publicatiozs, coistructed frum insufficient data, and on a principle of pro-

jection by which it is not possible to represent correctly the relative

temperatures in mountainous regons."

Cne can skare Henry-'s adverse opiAioa o; tae drawi g of isotherms on

Blodget' s temperature maps. Blodget evidently had no notion of the character

of iearithms as indices of the distribution of a continuous variable over a

surface;- he permitted his to termiate on the map, to bifurcate and anastomose.

But what :ienry was objecting to in the passage cited was Blodget' s treatment

of data from the mountainous West, where the scattered stations were all

situated in valleys. Blodget used the same procedure as Forry had fifteen

years earlier: he dre* his isotheivms vith reference to the valley stations,

-and explained that the distzibution of temperature snown referred to the

valleys, and tade no pretense of representing the temperatures of elevated

tracts. e zt" his second paper in the Reports on Agriculture Henry included

a temperature map of theUnited States of his own construction, and in his

text called particular attention to his "reduction" of temperatures to sea

level, at a rate of 3°F per thousand feet elevation.

From the preface to Blodgett s Climatology of the United States it is

clear that what would today be called synoptic and clizatologic ipvestigation

were split within the Smithsonian Institution while he was employed there.

According to his account, he was first asstgned to reducing the. recently
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received! observations synopticallyo in the unar szl•ltfi~d by the Con-

temporary work of Elia Lowls. But he found this work unatisfyiM& P&

the climatologic reduction of the observational material uich more renrding.

And in his lpaers in the Reports of the Commissioner of Patents, Henry too

made a distinction between the knowlege .that can be derived from the

statistical handling of observatiom of the weather, and the possibility of

predicting the movement of storms, thus implying that both branches were

being pursued at the Smithsanian Institution.

Blodget's Cli•atology of the United States readins, in spite of its

faults, the great momment of American climatology in the Nineteenth century.

Its author brought together the material he had published elsewhere, revised

his maps, and skilfully fashioned tte whole into a rounded scientific and

literary fabric. He gve his readers, in truth, God's plenty: tables of

observations, maps, quotations from travelers, forceful wirbal characteriza-

tions. Above all he exeaplified the sanguine spirit of the mid-century

citizen of the Republic, surveying the LWiperal exanse of its area, con-

templating its iniensitiee, and prophesying its maimificent future. The

master to whom he looked for inspiration and exmnple was, as for Forry

before him, Humboldt. This he confessed in his preface, where he rather

ostentatiously flauntec an appreciative letter from the master, in which

he undoubtedly found abualant comaperiatioL for the alights lie bad suffered

at Joseph Henry's bauds. Humboldtt s clear-eyed and comprehensive view of

nature was highly congenial to .the spirit of the Old. Repulic, which in 1857,

like the aged Humboldt himself, gas hastening toward dissolution. It was

from Humboldt tnat Blodget caucht the urge to coasre the climates and

potentialities of the now world with those of ..tbh old. In Humboldt's writinges,
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too, he could find zeo6dete for his tabular-and giaphic presentations of

data* Tables adiM ma m1et be Improved in the future, and the data sub-

jeoted to a closer scruttW;.but tno, la'tr decade could provide the intellectual

atmosphere in which such a work as Blodget' s could be written. It is no

accident that the Climatology is contemporaneous with Walt Vhitsani' "Song

of the Boad-Axe;" both are flowers of the waning years of our intellectual

golden day.

Blodgetts successor, James H. Coffin (1806-1873), compiled the data

for the Joint publication of the Smithsonian Institution and the Fatent

office, issued in two volumes in 1861 and 1864 /9/. He is better remembered

for his two memoirs on the winds: the first on the winds of the northern

hemisrphere, mentioned earlier, and the second on the winds of the whole

globe 110/, unfinished at his death and completed by other hands. As early

as 1858 Henry had employed CHarles A. Schott (1826-1901),since 1&.5 chief

of the computing division of the Coast Survey, to work up special collectivns

of observations. It fell to Schott, a master of computingtechniques and

familiar with the Pitfalls of observational data, to work up the accumulated

material on precipitation and temperature I11/. Schott's maps represent an

enormous improvement over Blodget' si not only because he bad more material

than Blodget had had, but also because he was more attentive to the gradation
of the quantities over the srface of the earth, and more conscious
of character of isarithms than Blodget ~ learned to be.

As examples of the combination'of observations, Schott's memoirs have

never been surassed in tbehis tory a American climtology. In reducing the

data on precipitatiox4 he not only drew maps, but also investigated the annual

march and compated amounts per day with p'ecipitation, the probable error of

means, and secular fluctuations. For his memoir on temperature he compiled
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data on the daily march of temperture, comparing the daily march amog

groups of stations by Io-urier.aalysis to threei-haronic terms. He subjected

the annual arch at 46 stations to.. the wse kind of analysis., and eemin•d

the records for possible recwrrent irregularities in daily temperatures and

for securlar change. In view of Joseph Henry' s pronounced preference for Zbe

reduction of temperatures to sea level on aps, it is of interest to note

that Schott's isotherms represent unreduped surface tempermture; and that

in his text he argues strongly for this form of presentation and aginst

reducing temperatures to sea level.

Governmental Climatology

Official Climatolog: the Signal Service, 1870-1691. Meanmhile, in

1870, an official weather service had been established in the Signal Service

of the Axny. But there is continuity from the earlier organizations: Colonel

(later Brigadier General) Albert J. Myer (1827-1880), to whom the organiza-

tion of the new service was entrusted, had earlier served in the Medical

Department. The new service took over entirely the system of voluntary

mentation and observation. All records in the possession f the Smithsonian

Institution were handed over to the Signal Service in 8703. The Signal

Service was not instructed by law to concern itself with climate, but its

responsibility to "commerce and agriculture" linked it with the tradition

that had expressed itself in Blodgett a and Henry' s writing for the Commis-

sioner of Patents before the federal Department of Agriculture was estab-
at

lished in 1862. Climatologic papers appear early among the 'publications of

the Signal Service: a set of maps of mean monthly temperature in 1881, and

two years later maps and tables of monthly and anal precipitatio /12/.
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A new tendency appears in these pbl1cations: restriction of the summary to

a fixed period.'and to the Service's not -ata#iorm. except for the use of

records from Arm posts in the work on precipitation. Data were now suf-

ficiently abundant to obviate the need for scrapping together all available

observations without rerd to their homogeneity.

The Sina Service iam assigned its largest climatologic task in its

latest years as a public weather service, when it ms called upon for in-

formation concerning the dry western parts of the country in connection with

proposed federal legislation on behalf of irrigation. In the years 1888

to 1890 it supolied a series of reports, mostly t• 7. A. Glassford, an

officer with much experience in the Iiiest, though on title pages generally

credited to A. &. Greely (1844-1935), the last Ciief Signal Officer before

the weather service was transferred to the Department of Agriculture /13/.

The most important of these reports are thcse on the Rainfall of the Pacific

slope and on the Climatolog of the arid regions. The latter wrziins exten-

sive tables and maps of temperature ank precipitation by seasons and critiaal

months separately for Arizom, lew Mexico, California and Nevada, Colorado,

and Utah. An interesting innovation is a map of California and Nevada bearing

generalized isarithms of annual evaporation in inches as measured with the

Piche evaporimeter. The measuremmets used were a part of thos on which'

Thcoas Russell had based his evaporation zap of the entire United States

/14/ the map that E. N. Transeau later used in nis attempt to express the

moisture element in climate by the ratio of precipitation to evaporation IL.

These reports eFesent an estimate concerning the potentialities of

agriculture in the dry .est greatly different from those' expresb:ed by Blodget

and Henry a generation earlier. The earlier authors tho6&t that only a
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6 .all fraction of the dry area oould ever be crltivated, since the mspply of

water for irrilption was obviously limited. GlUasford, on the contrary,

writing in 1890 with a background of experience in .the West% estimated the

area that could be cultivated far higter. In discussing Arizona he aimed to

demonstrate "that the measured auiounts (of rainfall) are wa.fficient to supply

water for the irrigation oft much more land than the acreage known to be

available., a populae e.xaggeration against which John -Hesley Powell argued

in vain at an irrigatior, cngress held a little later /16/. As for evapora-

tion in its bearing on the use of water for irrigtion, Glassford held it to

be "relatively so small in comparison with the total fluid contents of the

actual and projecLed storaee basins that it Wy be economically disregarded

as a vanishing quantity."

Official Clsiatolo& in the ILdividual States. In 1861 the second

chief of the Signal Service in its capacity as a weather, service, W?. B. Hazen

(1830-1s7), initiated an expansion of the net of observing stations by

soliciting the aid of the governors of all the states in organizing state

weather services. His appeal met with great success. Before the national

service was transferred to the Department of Agriculture as a civilian bureau

in 1891, almost all the states bad established such services, and the last

one was orgn~ized ih 189&* The state services, were as a rule aiticulated

with the state a'griciltural experiment stations, through which their observaf-

tional data were frequently puiblished. They were gradually absorbed ty the

Weather Bureau.

The state service that was conceived most broadly was that of Maryland,

founded in 1891. Its first director, 511iam .Bullock Clark (1860-1917),

conceived for it an exdeedingly inclusive program, which was realized in a
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series 'of impressive monographs. Its first Report that embodied this program,

issued in 1899, dbntained "A Gen Report on the Physiogapky of 11.ryland"

by Cleveland Abbe, Jr. (1872-1934), son of the scientific pillar of the Signal

Service and the ea~ly ',eather Bureau; "The Aims and Methods of Meteorolo~ical

Work, Especially as Conducted by National and State Weather Services," by the

elder Cleveland Abbe (1838-1916); "A Scetch of the Progress of Meteorology

in Maryland and Delaware," by Oliver L. Fassig (1866-1936); and an "Outline j
of the Present Knowledge of the M•eteorology and Climatology of karyland," by

F. J. 7alz, who at the time was in charge of the Weather Bureau office in

Baltimore. fal z t s monograph cotains by far the bandsomest series of climatic

maps issued by any state weather service: no other state had within its

boundaries so competent a map printing firm as A. Hoen and Comp.any of Baltimore.

The 1,-aryland service issued two additional Reports coqarable in bulk and

quality with the first. Volume 2, issued in 1907, is a monumental work on

the climate and weather of Baltimore, by 0. L. Fassig, a model of its kind;

Volume 3, 1911, reflecting Clark' s broad conception of the furc tion of the

Service, is concerned witt the Plant life of Maryland.

Nothing remotely comparable was achieved by any other state weather

service. Their meager publications consist almost wholly of observational

data,,ad the task of publishing these passed quickly to the Weather Burvaus

1hen the services disappeaked as administrative entities, they left behind

them a mild interest in climate among the state agricultural experiment

stations. l'.ost of these institutions have issued piablications on the clivates

of the respective states, few of which are more than bare tabular compilations

of 'data." The -authors of -a few itate diimatographies have aittempted to extract

meaning from the matetial they have had to work with. Two that deserve
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mention. are an oider report m Wisc•a•ta 117/ fuAn a more, recent one on Florida

/18/. The two latest on" issued V stato agricultursl agencies$ on Kansas

/19/ anwd Illinois )/, me. a M serious. attevpt than most of their. pre-

decessors to present the informat•on oan weather and clhats that is sil•ifi-

cant for agriculture. In other states cliiatoltthIesObave been Pblished

by state geological surveys /21/ and state universities /22/. S. S. Visberts

"Climate of Indiana" contains by far the most elaborate presentation of

climatic data ever attempted for a state. On hundreds of tiny maps Vis5er

has represented by isarithms maiy quantities computed and counted from the

cli.xtic record.

Official Climatology: the 'eather Bureau (1891---). In transferring

the national weather service to the Derartment of Agriculture, the Congress

recognized what the public expected of the service. Among the duties with

which the new bureau was charged was "the taking of such meteorologicel

observations as may be necessary to establish and record the climatic cona-

ditions of the United States." Accordingly, climatology occupies a prom-

inent place in its publications. Of its numbered series of bulletins, issued

between 1892 and 1913. the one that still comfands the greatest interest is

mnber 36, written in 1891 but not published until 1905, by Cleveland Abbe,

on the relations between climate ana crcps. This is mainly a digest of litera-

t•re, but it contains a gKod deal of Abbe' s own critical thinking. He was

not satisfied with what he found in the literature, and appealed for a

"climvktic laboratory," usin, an expression uttered by A. de Candolle in

1866. Both he and do Candolle would welcome the realization of their wish

in our time P3/.
In its quarto series of bulletins, designated by letters, the Bureau
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sumnxarized and. refined the constantly more numerous and lengthening records

of climate. Id Bulletin C, 1894, the whole ess 'of records of precipitation

to the And of the rAiae of the 31gl~ Sezice :as zmmarized in the most

thorough presentbtion dikoe the second edition of Schott' s memoir. Bulletin

D, 18D., bearing the indifferent title "Rainfall of the United States," is

a critical supplement of its predecessor. Its autho, Alfred Judson Henry

(1858-1931), attempted in it to sharpen the concepts used in discuasing

Precipitation. He was concerned with such matters as the length of record

required to attain a dependable "normal;" the types of distribution of

precipitation tLrough the year; the amount of precipitation that falls during

the crop-growing seasons a motive that runs throu.;h all our later climatolog;

the secular variation of precipitation in different parts of the country;

the synoptic conditions associated with rainy and dry months; the association

of precipitation with the relief of the land surface; and the frequency of

occurrence of intense precipitati ou.

The Bureau's most ambitious effort to -suumarize what was knom of the

olimate of the country, except in purely tabular or cartographic form,

Bulletin , appeared in 1906 under the title "Climatology of the United

States," also by A. J. Henry. By this time official observations had been

accumulating for a generation.' The aim of having an observing station in

each county, expressed.;by We B. Hazen when urging the establimuent of state

weather services, had not been attained. But Bulletin q has its tabular

material arranged so ae to refer to any county to a repreeentative station.

This tabular material,: which includes more pertinent facts than are usially

found in comparable compilations, occupies by far the largest fraction of

the thousand quarto page of the work•. But what impresses one- today is
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Henry' a introductory text. In this text Henry expressed his dissatisfaction

with the organization of the material he was constrained to use. "The monthly

means of temperature, pressure, the total monthly precipitation, etc," he

wrote, "indicate in a general way merely the dominating influence of the month.

In the final analysis, however, one should not fail to examine the daily

weather charts, since similar monthly mean values do not necessarily represent

one and the same type of weather conditions." And again: nIt would also be a

great help to the better "nderstandizg of seasonal variations in the weather

if the usual statistics of temperature and rainfall distribution, amount of

cloudiness, etc., were classified and arranged according to the several types

of weather that prevail in the United States."

"-at Henry was asking for was thus a synoptic cli atology. He could

not give his presentation the form he desired, but he did what he could to

give meaning to his maps by describing in synoptic terms and by illustrative

weather maps the synoptic situations that are responsible for spells of

typical and atypical weather. The categories :of synoptic situations he

envisaged as appropriate to the groupirn of observations are theoe in which

the weather is dominated respectively by a cyclone or an ittC€Yclone, and

possibly a transitional type. It is scarcely necessary to remark that Henry's

appeal for a synoptic climatology had no perceptible effect. He would

have had to inveat a ner routine for the reduction of observations,

and this he did not do. The abyss between the ftivestigation of storms" and

the handling of large numbers of observations so as to yield a "normal,"

which first opened in the SnithsofiaA Institution a half-century earlier,

remained unbridged.

It is not- Itabicable to uanmerate here all the Weather Breauls
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lettered Bu.letins. TheVy provide a souna dmaerical basis for a climatolog

of the country, especially a climatolo6y for the weather forecaster of the

time: readily accessible neans, coqputed for different unitfs of time, with

Ythich current weather can be compared.

.Bulletin H, originally entitled "Su-maries of Clizatological Data by.

Sections," is the zne of the Teather Bureau' s let.ered series that has been

known by its serial designation better than any other; in one of the three

editions in which it has appeared it has for forty years been the standard

source of climatic data vented for any purpose. It is purely an assemblage

of nuiaerical data. Mhe original edition sui-arized the record to &bout

1910, the later ones, respectively, to 1920 and 193.. The last edition no

longer bore the serial letter, but its users have continued to call it

"Bulletin W." That no later revisions have been made is sorely regrettable,

since for later data one must ao to the serial "Zlimatological data," which

in recent years, with the addition of ner' material and the 6,doption of offset

instead of letter-Dress printing, has become so bulky as to be the despair

of librarians.

By far the best set of cliwatic maps prepared in the Reather Bureau

was issued by a different bureau in the Department of Agriculture, the Office

of Farm Management. Mhese wake up three parts of the fraonentary "Atlas of

American Agriculture," published between 1916 and 1928 /24/. The main maps

are on a gmnerous. atlas scale, 1:8,000,000, excellently printed, by the

Geological Survey, in color on a base that bears a fair representation of

relief. The prepam.tion of the Atlas fell in a period when there was much

interest within the 7eather Bureau in statistical expressions of the prob-

ability of occurrence of given alues of tbp climatic mariables. This concern
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is expressed in the Atlas b7 the i.wluxion v numerous mals of frequencies

and probbitlit.e as well as of meang.

Althohj a udft in the du=dmns made on the Weather Bureau led to its

transfer from the. Department of Agriculture to the Department of Commerce

in 1940, it contributed much of the essential material to the Yearbook of

Agriculture for 1941, "Climate and Man." Its contributions include not only

papers by members of the Bureau, but also a summary of the climate of the

United States, presented in both tables and maps. that fills nearly 600 pages.

This is the latest general summary of the climate of the counmry prepared by

an official agency.

Agricultural Climatology

Until the en(. of the nineteenth century, Awerican concern with the re-

lation of climate to agriculture corntented itself with generalizations re-

garding the limits of possible cultivation of crops, expressed in terms of

precipitation and temperature. In the meantime agricultural settlement had

continued, and the available stock of crop plants, including an ever widening

range of varieties of each crop species, had been tried out. The problem

conceived by the climatologists of the middle of the century, to discover the

adaptability to agriculture of the tarts of the country as yet unsettled, "m's

solved by triWl, both by individual farmers and at the state agricultural

experiment stations founded, with federal subsidy, in the last quarter of the

century.

The information that Cleveland Abbe put together in his report on the

relations between cliate and crops was based mostly on laboratory rather than

field experiments, and reflected European rather than American experience.

But actual cultivation, whether experimental or commercial, provides
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quantitative data on crops in the-form of yiel and it mu with yield that the

results of clinatologic observations came to be by preference oopyred.

The earliest procedure for making this comparison was the parallel

plotting, on a scale of time, of yield and some climatic factor that might

be expected to affect it /25/. At about the turn of the century, however, the

techniques of statistical treatment of observational data underwent rapid do-

velopment in &kgland. W. N. (later Sir Napier) Shaw published a pioneer

effort at correlating yield of wheat with precipitation in 1905 126/. It

was followed in 1907 by R. H. Hooker' s exemplary investigation of a number

of crops, whic hmade use of the bust coutemporary resources of correlation

statisitics /27/. Four years later the new procedure appeared in the United

States, in the form of a rather tentative study by J. Warren Smith of the

relation of yield o1 potatoes in Ohio to weather factors, in which Smith

used simple linear correlation 128/. ihis was the first of a long series

of studies, of many crops and all available climatic factors, that Smith

carried out, in most of which he used linear correlation. His work culminated

in his "Agriculitural Meteorology." 1920, a most ineptly written and organized

book. A paper by Henry Jallace that appeared in the same year as Smith' s

book 123/ represented a great advance over wrat nad been done earlier, es-

pecially in the use of imultiple correlation and the application of a critical

attitude to the problem.

Meanwhile others entered the field opened by Smith: among them T. A.

Blair, D. A. Seeley, and in particular J. B. Kincer, who succeeded Smith as

chief of the Weather Bureau' s Division of Agricultural Meteorology. Kincer' a

work, which extended over a period of fifteen years, is noteworthy for its

flexibility and iagenuity. All these Invostigations proceeded from the
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postulate of mee or more citical periods in the anpal cycle of the crop

plant, at whiih it is p&rticularly kinsceptible to adverse efects of weather.

They applied all the resources of Pearionian statistics, but with only in-

different success. The larest name to be mentioned is that of We A. Mattice,

who after repeated apilications of the -best statistics available took leave

in 1931 of this species of investipation, to vhich so =X4 labor had been

devoted. "The weather in its effect on agriculture has been scrutinized from

afar," he wrote, "as through a lo,4-range telescope, but very little has been

accomplished in pursuing thie microscopic detail necessary for a complete

understauding of the underyilng principles involved in plant rowth... i•o

enable us to know 'ust how the weather is affectirg a crop at awy' tina-..

re seed accurate and comparable data of weather and crop progress, with the

details of various weistaer rhases and of cop developments from planting to

harvest accurately observed and recorded oa thie iromzd /301." A program of

precisely this sort has 'een undertaken, with corn, at Iowa State College, but

has been in progress too snort a tiae to produce results as yet.

A uew epoch in the statistical treaemeat of the problem cf crops and

climate opened with the publication, in 1921 and 1924, of 11. A. FiAser's

masterly studAy of the yield of wheat on the famous Broadbalk plot's at

Rothamsted /31/. The method Fisher devised made it unnecessary to seek by

trial hypothetical critical periods in the annual cycle of the crop plant.-

Instead, it provided a, continuous useaire, in the sense of the fawliar

coefficient of regression, of the influence of a clinatic factor bn yield.

I .The first application of Fiser' s method in the United States was app~arently

not to crop yields, but to the growth of trees and range grasses /32/. When

It finally gem to be applied to crops, those who used it were no longr
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iren of the Weather Bureau, but stitisticianu of the Department of Agriculture,

to whom the problem was not one in natural science but rather abstract

arithmetic 733/. A lateripipdr smanaftn from the same group, however, goes

beyond its predecessors by extending the method to measure the Joint effects

of temperature and precipitation on yield /34/. It represents the most

original American work to date in the application of the newer statistics to

the relation of climate to the yield of crops.

Statiatical Treatment of Climatic Data

*Aside from correlation statistics, which find their principlr use in

applied cl1uatology, statistics occupy a central place in the interpretation

of the climatic record itself. In the earlier history of American climatology,

little attention was paid to the statistical qualities of the record. C. A.

Schott, who brought to his climatologic work the habits and methods establish-

ed by long experience in the reduction of observations in another field, is

the one conspicuous exception.

Exainaition of time series in climatologic data has been continuous

since more than a few years of observations were accuwlated. M~ost collations

of data for this purpose have aimed at no more than a graphic demonstration,

with or without some sort of smoothing, of the fluctuations recorded? The

vast amounts of arithmetic labor expended in the effort to find periodicities

may be ignored. The study of sequences in various units of time has led to

recognition of a certain amount of persistence, easily recogaized end measured

in units of days J35/, at some places even in successive years /36/. Interest

in the persistence of. departures from long-term means was stimulated by the

occurrence of successive t years of drought in the 19301 s /37/ and by the

general rise of wkuor temperature in the last 60 or 70 years.138/. It is
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Znot to be expected that such persistence as exists can be put to any apPreci-

able use in forecasting for future years, but It poses a problem that in-

sistently demands investiMation. How provocative it may be is indicated by

H. C. Wlflett'a far-reaching generalizations concerning persistence in clim te

throug~h periods longer than that spand by the record of Instrumental
observation/39/. Althouh statistical tests for persistence in time series

are available /40, tney have not been sstematically applied for the purpose

of determiinng the coherence or incoherence of the several parts of the

United States in the fluctuations of climate. Such statistical investigations

of the record would be a valiable complement to the studies of fluctuations

in the general circulation by synoptic methods that have been pursued so in-

tensively /143.

Frequency distributions of clLratologic observations, or, more often,

the return intervals of given values, the reciprocal of probability when, as

in climatic data, the individual vales of a variate pertain to units of time,

first became of concern to hydraulic engineers. -. E. Horton wrote in 1913

/42/ that he had used expressions based on probability, "in some instances the

ordinary Gaussian law and in some instances developing special probability

curves, formulas, and diagrams," since about the beginning of this century.

Two articles, by Allen Hazen ani Thorndice Saville, piblished in 1916, re-

ommnde4 the application of probability to precipitation /43/. Bath used

the noinal frequency distribution without questioning its applicability.

Hazen s article was accomtnied by a ftp of the United States that showed by

isarithms the coefficient of variation (standard deviation expressed as a

percentage of the mean) of annual precipitation. This map has often been

referred to in the technical literature, even since the appearnace of a
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later map of a closely related quantity, mean deviation expressed as a per-

centage of mean precipitation J44/. -.

Variation in precipitationhas attiscted m6re attention and invited more

work than any other climatic statistic. It has usually been conceived as

dispersion about the mean, but in one investigation, by B. M. Varney on

precipitation in California /45/, it was handled as change from year to jeer

("variability"). Varney evidently did not know that variability is function-

ally related to dispersion in a random distribution, and so missed the

opport•u•ty of comparing his remilts with the resultb of chance sequence.

Most authors have been content to use such an expression as Hazen cozputed

in 1916, in spite of the evident dependence of the numerical value of the

coefficient on the value of the mean, so that it displays a range of numbers

running in the opposite sense from mean precipitation. V. Conrad /46/ has

attempted to avoid the absurdity involved in the approach of the coefficient

to infinity as the mean approaches zero, by fitting an empirical equation to 4

the coefficients computed for a large number of stations. He obtained an

expression for the coefficient of variation as a function of the mean, accord- I
ing to which it approaches the value 73 p~rcent as the mean approaches zero,

instead of infinity. Such a result is scarcely convincing, since as the mean

approaches zero any measure of variation should also approach zero.

The problem of expressing tha dispersion of values of piiitati~n in.•.,

units of time about their mean thUs remains to be solved. The achievement

of a satisfactory measure of dispersion might hasten the disappearance of

the often repeated dopna that precipitation is most variable in dry clinates;

a dogra tint has no firmer basis "tha hvat is obtained by wOmitiDg the

coefficient of variation. 'This meaaAe of' dispersulbo is" appropriate to series
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in which dispersion ooth up'wa4 anri downward is unlimited, but wholly in-

appropriate to a quantity such as jtecsipitation, the scale of which is closed

by zero in one direction.

The treatment cd asymmetrical frequency distributions in climatic data

appeared relatively early, in one of the sany articles on the statistidal

handling of data tnat were published in Monthly '7eather Review between 1916

and 1330 /47/, but has never become general. Hydraulic engineers began to

-work with skewed distributions at about tbe same time; Pearson's flexible

Type III uis~ribution was formally recouxtended to them in 1924 /46. Fre-

quency of occurrence of floods has since been taken by Z. J. Gumbel as a

starting point for an improved statistical procedure 14q, which has possibil-

ities of applications in clixatology that are as yet unexplored. Still more

recently Pearson' s Type III curve has been used for expressing the probability

cf weekly precipitation, in an investigation of drought in Iowa /50/.

A minor revolution in the nandling of masses of observations has been

effected by the introduction of punched cards and machines for sorting them.

First applied to climatic data in the United States by the Weather Bureau

in the 1930' s, the use of punched-card metnods was enormously expanded during

the second world war. A brief account of tais growth, with citations of

literature, has been given V. Conrad ani L. W. Pollak in the second edition

of "Methods in Climatology;" and T. C. Jacobs has described the applications

of the procedure made by the Weather Service of the Air Force /51/. Tue

characteristic products of the punched-card technique, aside from the tradi-

tional sums and means, are frequency distributions within categories into

which the data may be broken down; and in particular frequencies of associated

values of different categories, such as temperature or precipitation with
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direction or speed of wind. One product, to .which Jacobs gives apropriate

prominence, is a practical' synoptic climatology, long asked for but nevea

before realized. A few products of the card-sorting machine published since

the second world war way be noted: a presentation of data relating to air-

jorts that closel~y resembles the war work described by Jacobs /52/, and

application of the procedure to agricultural climatoloa /53/, and a bulky

compilation of data for a single locality, Washington, D. C. /54/6

The record of statistical treatment of climatologic data in the United

States is thus fairly gpod. If it invites any general conclusion, it is

that too few of the persons working with climatologic data have bad a creative

knowledge of probability and the statistical procedures founded upon it.

Hence too many of the good studies published have remained little more than

demonstrations, exaples that have not been followed.

Yon,-Governmental Climatolo

h.embers of the national weather service have always foand outlets for

their writings outside official publications. The public, indeed, has normally

looked to them Zor articles and books on weather and climate intended for

general information. Such a book was A. 7. Creelyle "AAerican Weather,"
vI

1888. It contains the first general set of clinatic maps of the United States

based on uniform official observations. Historically it is of interest in

that it sets an example in organisation that was largely followed in R. DeC.

7lard' s "Climates of the United States," published a generation later.

It is to academic institutions, however, that one has a right to look

for the best scientific work;, and in clicatology the record of American

universities is meager. The older academic tradition is well represented
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by Elias Loomis (1811-1689) of Yale, who in addition to his many studies in

sýnoptic meteorolocy compiled the firet.mep of isohyets of th. earth 0/.

!Mt acaacic climatology has no cbntinuous tradition in the United States;

instead, it is dominated by one figure, Robert DeCourcy Ward (1867-1931).

Ward was thie first, and for mny years the only, professor of climatologj

in an American University; and none of the few that have arisen later approach-

es him in national and international prominence.

7ard' s scientific preparation was ained. at Harvard, under 7illiam Morri

Davis, and his whole career -as spent there, £rom his appointment as instructor

in meteorology (changed to olimatoloay in 1896) -to his death. Of his copious

writings only his books can be cited here.

Leaving aside his early manual "Practical Exercises in Elementary

Meteorology," the first of these is, his translation of the first 1lume of

Julius Hann' s "Handbuch der Kliimato~ogie" /56/. Ward pade no slavish attempt

to reproduce Hann's words in &W1ish. He divided aud rearranged Harn' s mate-

rial so as to give it a better articulation. He omitted passages and inserted

new ones to give the English-speaking reader illustrations from places nearer

home than were Hann' s examples. he carried out all this work of adaptation

unobtrusively, so that the book reads smoothly. Cf r.rd' s translation it may

be said, as of eAtremely few translations, that even for one who reads German

easily the translation may be preferred to the. original.

Some of Hamn' s ideas, as they appear in the opening pales of this book,

can be identified in Ward' a later, original writings. The following are the

most important: "Climatology is essentially.!.deecriptive in character'...

"In climatolbar.. .those meteorological phenomera become the most important

which have' the greatest influence upon orpnic life. The importance of the
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differen-. climatic elements in therefopt 4etermined from an outside stand.

point." "Climatology is thus seen to.be a branch of knowledge hich is in

part sub-ordinated to other scie•as and to practical ends. .. This point

shpuld be borne in mind when we treat clinatolog as a science auxiliary to

geograrhy."

These ideas articulated closely with certain concepts current at the

turn of the century regarding the relation of life, and particularly mvan--

life, to nature, which have been subsumed under the term "environmentalism."

Ward's teacher, Davis, when he turned from the problems of physical geography

that he ordinarily dealt with and contemplated aankind on the earth, flound-

ered in environmentalistic quicksand. N. S. S&ler, Davists teacher, based

a good deal of his sincerely humane -thought rearding the problems of society

on the same derivative of social Darwinism. It occasions liLtle wonder,

therefore, that Ward's next work, "Climate, Considered Lspecially in Relation

to I.An," first published in 1908, has an enviror.nmentalistic orientation. It

-is discursive rather than systematic, and accords with contemporary tendencies

in academic geography in the United States rather than with the contemporary

state of the physical sciences.

Ward's "Climates of the United States," 1925, is a much more substan-

tial work, but retains a good deal of the same tendency. The first group

Ward addcresses in his preface is "'tescnere and students of geogTaphy."

He "endeavored to make the presentation vivid by frequent references to the

huian relations of the various climatic elements and phenomena." Most of the

content of the book, as of "Climate," had appeared earlier in the form of

articles in journals, but in their collected form they constitutte a E'Ach

more tightly organized whole than the earlier work. Though sard made full

use of maps of means of the climatic "elements" (indeed, the book could
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scarcely have been written vithout the maps recently published in the climatic

sections of the Atlas of American Agriculure), Wrd made a. strong effort to

take account of the. synoptic aspect of climate. But$ like A. J. Henry before

him, hIe was unable to devise any method of articulating weather with climate.

A decade earlier /57/ he had appealed for the treatment of climate by synoptic

rather than time-units, apd had indicated by a citation that he had read how

Ktppea had. solved this problew in the early 1870' s /58/,. Yet neither then nor

later did Ward arrive at any better way of discussing weather climatologically

tha by reproducing grepes of the change in weatner during a representative

seque.ce of days.

It is remarkable that Ward' s "Cliaates of the United States," admirably

organized and written as it is, offers little or no intellectual stizulation

to the reader who approacthes it only 6, larter-cautury after its appearance.

The reason is not merely teat the revolution in syVoptic meteorology that was

under way when it was issued has oeen completed. It is rather that the book

displays no questioning, r~o doubt, no consciousness of prooleais still to be

attacxed. It has one lasting value: its copious bibliographic footnotes.

The studuet of the history of climatology in the United States scarcely needs

to gD beyond these footnotes and Ward' s bib'io6 raphic articles cited in them

for a guide to the literature published before the date of the book.

The last large work that beers lard' s rae, the sections on the ,iest

Indies and the United States and MFxico in the Kbppen-Geiger "Handbuch,"

puolished after Ward' s death, contains work by too many hands to be repre-

sentative of his authorship. iUost of what is recognizably his bad appeared

earlier iEn his work on the United States. The reader who knows his other

works is not astonished to leamthat the extensive tabuar material and the
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adn.rable series of mape the work contains were'not compiled and drawn by

ard; but by or under the saupervision of 0. F. Brooke.

The changing tenor of intellectual life has made another Vrd impossible,

No one born in the present century could attain a compsrable level of learning

and literary skill and at the same time complacently accept an essentially

verbal climatology o.nly loosely articulated with other aspects of the science

of the atmosphere. One must suspect that the popularity of climatology in

departments cf geoglaphy in our universities stemued largely from 77ard's

example at Harvard.. Wardt s books; used as undergraduate textbooks, were

"easy," and deioeramtelj ia harmony with much instruction in 6eoTraphy. He

had tra.;aslated froL Hann the statement that "climatology presupposes a know-

ledge of the most Important teachings of meteorologr," but his books de-

manded of their readers little of this knowledge. In many departments of

geography, familiarity with the more exacting phases of meteorolog came to

be looked upon as superfluous, and students were offered courses in climato-

logy riiitout being renuired to have anmy suoh familiarity.

:leglect of the significance of contemporary advances in other phases of

tae science of the atmosphere for the understanding of climate is character-

istic of our climatologic literature, both regional monographs and textbooks,

in the third and iourth decades of this century. This shortcoming was in

part compensated by a greater willingness to wrestle Yth masses of numerical

data than-Ward displayed. B,4t Ward's example provided no guidance toward

the discovery of a pailosopher' s stone that would transmute the base data

of observation into the gold of physical generalization.

From the middle nineteen-twenties to the present time, much academic

instruction in climatology has been focused on the classification of climates



Physical Geograph B

and maps of climatic re&oras based on the classifications used. C. 'N.

Thorntnraite has combined a review of the pertinent literature with a thorou&

(aud adverse) criticism of the classification most frequently used, KLppen' s

of 1918 159/. Much earlier, 7ard had reviewed for his countrymen various

propxsed delineations of climatic regions, but none of these took root. The

wide adoption and i tation of Klppen' s classification when it became known

in the Urited. States in the nineteen-twenties undoubtedly resulted from the

abandoment bV American acm-damic geography at about this time of its earlier

environmentalism in favor of an intense concern with "regions." Maps pur-

porting to r'nw the distribution of types of climate fitted easily into the

thinking reflected in this orientation. Much eftort was expended in tracing

in greater detail the bouudaries of climatic regiois, esaecially within the

United States, shown on Kbpper.' s small-scale world map, and in modifying his

definitions so as to discover better bouwaries between those regions than

his ori6inal ones.

Thornthwaite' a has been the most powerful voice raised aginst the -m-

critical application of K16ppen' s classification. More than a decade before

the date of the article just cited, he had published his own general classi-

fication of climates, wnich grew out of his dissatisfaction with the KOppe=

classification, in particular with Its delineation of the dry climates /60/.

The most i.pressive monument of Thornthwaitt' s classification is an elaborate

atlas issued by the Department of Aj'iculture /61/. It saows the distribu-

tion of the types based on Thornthwaite' a distinctions of humidity for each

calendar year and crop season of a forty-year period. No other document

of our climatologic literature presents so effectively as tWes atlas the

fluctuations of the moisture elaeent of climate in the middle region of
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North America.

The saxes primary concern with temporary or permanent shortage of water

marks Thornthy.aite' a second attempt at a classification of climates, publish-

ed in 1948 ;62/, in ,hich they are distinguished by the balance, in the course

of the year, between precipitation and a quantity he calls "potential evapo-

trans-iration," the amount of mater that would be loct in unit time from the

surface of the land If zhe cover of negetation were transpiriug it at the

maximum rate permitted by the prevailing climatic factors, primarily insola-

tion and temrperacure.

Our zost importaat general treatise since 7ard' s death is Helmut

Landsberg's "Physical Climatology," 1941. It represents a welcome protest

against the trend that 'lard establisaed, but is not sufficiently comprehensive

to ra2,k with the best works of the past. V. Conrad' s "kethods in Climatology,"

1944 and 1950, reflects its author' s European background rather than the

growth of climatology in America. Much of this book is concerned with

statistical techniques; but better ones than are described in it are currently

in use here /32,, 34, 49, 50/.

Begizming about 1930, a number of our universities and technologic in-

stitutions have itaugurated curricula for the technical training of meteo-

rologist-s. These institutions are the .most important centers of investigation

of the atmosphere in the coumtry. Their curricula demand a new kind of

acadehdic climatology, which has not yet e.erged; it is evident that it mut

be far different from Watdl s or one organized about a classification of

climates. One full-sized textbook. of clinatology 163/ has come out of a

department of clidatolo& in a technical institution, but it does not reflect

much serious thought on the part of its authors concerning the apropriate
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content of a climatology to atch modern meteorology in general.

From one theoretical viewpoint climate signifies the mean state of the

atmosplere, a norm with which any instantaneous state can be comjared.

Landsberg has provided a specimen of that kind of climatology I64/, a concise

and workmanlike job, tne essential feature of which is a series of 29 maps

of the earth. The mean state of the atmosphere represents a state of

equilibrium with respect to many processes of flux and exchange: exchange

of radiation among the earth, atmosphere, sun, and %pace; exchange of anglar

momentum between the surface of the earth and the atmosphere; flux of heat

from lo.: latitudes to high, in equiLibrium with the balance of radiation;

and belas-ce ofT precipitation -ith evaporation, to nare a few. Ihe condition

of equilibrium is the startin6-point of many investigations of these pro-

cesses

So far as one can see at present, however, many of the phenomena of

motiou in the atmosphere that are seen on the weather map and that are re-

sponsible for weather and its cbanges must still in the future, as in the

past, be investigated empirically; that is, by synoptic methods. A particu-

larly enlightening use of synoptic methods having climatologic significance

is seen currently in the section on monthly weather and circulation published

in Monthly Weather Review beginning with the issue for January, 1950. maps

of departure of monthly means from long-term means have been piblished in

the .Review for many years; but only recently hah a method. been devised where-

by these departures can be referred to some more fusadaenta1 variable. This

variable is the anomaly of mean cicIulation in the lower middle troposphere

/41/. As in most investigations of climate, the month is somewhat too long

a period to be as synoVtlcally howmeous'as 'is desirable; but even within
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this unit.of tLie the anomaly of circulation at the ?OO-ub. level provides

more insight into the fluctuations of the familiar aspects of climate than

has been available heretofore.

Outlook

The most impressive contributions being made to climatolocr in the United

States at present are thus coming from those who are working intensively on the

true constituent elements of climate, the constantly changing states of

weather recorded on synoptic maps. Their work is welcome after a long period

in which the relations t een weather anmi climate received only perfunctory

recognition. it is concerned with ncauses," as William I;orris Davis used

that word. As for "consequences," the other member of the alliterative

antithesis Davis was fond of using, it is evident that any investigation

must be highly specific, that procedures must be lesigned with the elaborate

attention to d.etail that has loe been familiar in the laboratory. Some

aspects of the turnover of energy and water at the surface of the earth, such

as the lose of water from the ground that Thornthwaite has long been concerned

with, or the exchange of energy bet-,een the atmosphere and the surface of

the sea investigated by Jacobs /65/. may be handled by means of conven-

tional observational material. But the relations of organisms to climate

present far more difficult problems. F. W. 'Rent /23/ has shown what elaborate

precautions must be taken if even the simpler reactions of plants to climate

are to be defined quantitatively.

It can be foreseen that the solution of any problem in applied clima-

tology in the future must involve special instrumentation and extremely de-

tailed observations through a period of time long enough to saiple a good

range of weather. Mattice knew that twenty years ago /3D/. Then, in the
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most fortunate circumstances, ordinary clizatologic observations =my be used

for eAtrarolation to other places and times. It is not to be expected, how-

ever, that circumstances will often be so fortunate. For general observations

of wwnther, priasry depeiidence will be placed on the regular stations estab-

lished for synoptic purposes. The not of voliutary observing stations, in-

troduced by Joseph Henry at the beginning of the period unaer review here,

will lose the rrimary importance it has had so long.

It ia to be hoped, however, that the tirue-honored system of voluntary

observers will not disappear. Its disappearance would signify a great

cultural loss, a part of the cultural iz0poverishaent that goes with the

excessive specialization of our times, in which people are alienated from

technioues and modes of thirking not associates with their daily work.

Thoui4 the scientific si6nificance of his observations Way decline, the

volunaary observer should remair. for his value to the community, especially

in the country and the small town where the sense of neighbornood is not

yet lost. The tradition of the scientific amateur, on which Joseph henry

depended for the initiation of a net of observing stations in the early

days of the Smithsonian Institution, has never been strong in our country.

But to the extent to which it survives in the voluntary observer it should

be fostered. And perhaps there is a possibility of a climatology parallel

to the rigorous numerical climatology with which this chapter has been mainly

concerned: a natural history of climate. The rhkytiin of the seasons echoes

deeply in our literature and folk-traditions. In tne interpretation of this

rhythm, in the communication of insights that are better expressed in words

than in equations, the climatologist has a role to play, along with the

amateur of plants and animals and the literary artist. These formulations,
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no less than algebraic ones, can make the dry bores of climatol,6ic tabula-

tions alivep
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Backqound Statement

Geomorpholog is a study of the geometry and geologr of the visible

surface of the earth. It is qomposed of many parts miich fall under the nmain

heading of descriptive, dyramic and applied goomorphology. This definition and

the development of these larts is the product of trends derived from agplica-

tions of Huttonian and Zantian philosopies as introduced into America by Lyell

and lyot. They led to the development, late in the 19th Century, of two clas-

ical schools of geomorphology. One of these, founded by T. C. Chamberlin, was

chiefly concerned with glacial stratigraphy. The other, founded by '. M. Davis,

was chiefly concerned with the genetic description of landforms. Divergent

lines from these schools have led to the development of applied geomor;bology,

particularly with respect to human geography.

The most recent development has 'oeen the growth of climatic geomor-

phology. particularly with respect to arid and periglacial regions, under the

leadership of Kirk Bryan. This development was part of an episode of increased

activity in geomorphology. Today the science is more vigorous than at any other

period in its history, Much still remains to be done. More applications pre-

sent themselves than ever before. It seems that only adverse economic condi-

tions or adverse governmental policies could halt or reverse this trend.

Definitions and Classifications

Definition: toe n•oe, geomrphologr, is derived from three G•reek words:

goo (earth), morphos (form), and logos (discourse). It thus Implies that the

subject concerns itself with the configuration of the landscape and is a goo-

metrical study. In practice, however, it has been found impossible to explain

the origin or predict the properties of the geometric features of a landform
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without a recognition of the geologic materials which lie immediately beneath

the surface. Surface geology Is tkierefore of primary oncern to gooorphology.

Hence one finds included in textbooks of geomorlthology and in the writings of

geomorphologists such topics as lithology, rock weathering and continental

stratigrapho

Geomorphology has also inherited, both in university teaching and in

the preparation of scientific reports, certain related subjects. These are

valid individual topics worthy of standing alone. However, they are essen-

tial to the geonorlhic arguaent and, until separately developk" must be fost-

ered. Such topics, niich vary from one university or research organization to

another, include ground water, fluvial hydrology, continental stratigraphy,

pedology and plleocliuatology.

Geomorphoiogy has, in fact, come to include surface geology and sur-

face geologic process. The consideration of the 6akth's surface, its des-

cription and its genesis, not only permits but demands a consideration of the

immediately underlying materials. Such a development, as will be shown below,

was inevitable from the outset. Geomorph~ology way therefore be defined as the

study of the geometry and geology of the eartn.'s surface."

Structure

The structure of geomorphology Is outline&belaw in Ta~ble 1L, in whkti

topics are suggested under each heading. Here it will be seen that the sub-

ject may be interpreted as made up of three mmjor" components: descriptive,

dynamic and applied geomorphology. All are not equally developed, for des-

criptive geomorphology is the oldest branch; dy~nic gsoiorph6logy is rapid-

ly becoming a distinct subject; but applied goomorhology is now, unorganized
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and incoapletely developed. Attemptge , still beig wade, by trial-and-erroza

to discover the fields Whore goomcrhology can oontribut most effectively.

In common with the general history of scientific thought, as it is

represented in American science, geomorpholoo has revealed a five-stage se-

quence of events. They are:

1. Random collection of facts

2. Description and classification

3. Generalization and laws

4. Prediction and application

5. Disruption and specialization

The present development of geomorphology is concentrated in staoes two and

three with traces of development easily found in all other stages. Thus the

major component parts of geomorphology outlined in Table 1 correspond to

stages two, three and four respectively of the historical sequence.-

Table I

Structure of Geomonliology

I. Descriptive Geomorphology (geoorhaogaphy)
A. Regional Geowrpology

1. Ianduform type (Physiographic provinces)
a. shields d. Intermontaine basins
b. old mountains e. interior plateaus
c. young Mountains f. coastal plains

2. wologLc type (Structural regions)-
a. plains' a, plateaus (simple structure)

iuterior plains
plateaus
coastal plain

b. mountains (disturbed structures)
folded nmuntains block mountains
dam mountains complex mauntaina

c. volcanoes and related for~s
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3. Climatic type (Morphogenetic regkons)
a. glacial f. moderate
b. periglacial g. Sava&nA
c. boreal h. semi-erid
d. maritim. I. arid
e. selva

B, Comparative Geomorphology
1. Physiographic comparison
2. Structural comparison
3. Morhogenetic wmparison

ii. Dynamic Geomorphology (gsozmorphogeny)
A. Systematic Geomorphology

1. Fluvial gsomorphology 5. Periglacial geomorphology
2. Solution geomrphology 6. Aoliaz geomorphology
3. Marine goomorphology 7. Volcanic geoomorpoloa
4. Glacial geomorphology

B. Climatic Geomorphology
1. Morphogenetic process
2. Polygenetic sequence

III.Applied Geomorphology
A. Natural Sciences

1. Geology
a. geologic mapping b. geologic history

2. Pedology
a. soil erosion b. soil genesis

3. Botany
a. plant geograpny b. ecology

4. Climatology
a. microclimatology c. air mass climatology
b. mountain climatology

B. Social Sciences
1. Archeology

a. age determination b. geogmraphical reconstruction
2. Human Geography

a. land utilization c. urban geography
b. transportation psography

C. Zogineerirg
l. Civil bgineering

a. soils d. hydrology
,,b. railroads and highways e. irrigation

c. waterway f. erosion control
2. Lilitary Science

a. terrain analysis b. trafficability
3. Mining

a. placer deposits
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I Descriptive geowor~holo& hai been dominated by the follovers of Jevis

who endeavored to find a basis for a geomorphic description of the earth. Re-

gional eoozorpholog has thus been the major kind of descriptive geomorj~holog

to be developed. Today the geographer Way select from three different types

of regional description: the phaysio.graphtic province; the structural region;

and t" morphogenetic region. The physiographic province (see Fennean 1931,

1936) is based upon the general aspect of landforms. lMe structural regions,

as developed from the teachings of Davis by Johnson end Lobeck (see Lobeck,

1939), are dependent upon geologic structure and the assumption of a close

correlation between landforms and geology is either made or implied. The

moritogenetic regions . zge reltier 1950) are based upon the assumption of a

close correlation bet-ieen climate, weathering products and erosion features.

Comparative geomorphology, as a kind of descriptive geozorphology, is

not greatly developed. Its 6rowth will, however, co.itinue as the increasing

body of knowledge make complete regional descriptions and analyses overfelmo-

ing. The body of fact related to each region is growing so rapidly that it

is becxing less and less feasible to comprehend and review all parts even

of the United States. This development toward comparative geomorphology will

be further enhanced by the growth of systematic geomorphology and its recog-

"nition of regional variation in geomorphic proces's .

Dynamic geozorphology has developed as a study of surface processes

together with their products. Its development in Anerica'hat been irregular

and dependent upon the fortunes of the different'schools of thoobt. Iius

glacial geomorphology, pursued by the folloWers of T. C. Chamberlin, and the

fluvial beouiorphology of 'Davis andtid school have been strongly developed.

varine, solution, eolian'and VolCtanic"90eorphology are poorly developed in
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comparison. Interest in periglacial gecorphology has recently been aroused by

Bryan and his students. Activity In this field appears to be Increasing rapid-

ly both in private research and under such govenmntal agencies as the Alaska

and Permafrost Section of the U. S. Geological Survey and the Snow, Ice and

Pe~amfrost Research tso"abiant oft tb eorps of anineers.

Applied .siorphology has been a recent development in response to the

deands of the other arts and sciences (see Bryan, 1950). In some instances

(see Table 1), as in geography or gsology, the demand was so great that these

fields developed geomorphology as an integral part of themselves. In'some

other instances, as in pedology and archeology, applications were developed

by geomorphologists. The greater body of applications has, however, been

developed by people who uwally consider themselves outside of geomorphology.

In applying geomorphology, they have acted in the interest of pedology, botany

and other fields.

Methods

The unique tecaniques of geamorphology are mostly office and labora-

,tory techniques. The field techniques and, other laboratory techniques are

borrowed, with varying degrees of modification, from other disciplines, The

scale, or absolute size, of the landform is not always an important consid-

eration in studies of pure geomorpholoy, but is very important in applied

geoiorliolo~T. hus, those nvestigations which are concerned with geo-

norphic process or with dynsmic models a4 a basts of analysis are primarily

inteorested in shap. or form. Concern for absolute size is mubordinatede

.Howewar, *n features of constant sizes such as roads, buildings, airports

*nd harbor facilitites are to be related to landform the absolute size of
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the landform become of major importance. For example: a fault scap may be

expected to exhibit the characteristic features of fault ecarps, indicative of

their genesis, irrespective of sie. However, the difficulty of climbing over

"this scarp, as expressed in the metabolic costs on the man, or of building a

road over it, as expressed in cost of construction or me-hiours-of work, my

be expected to vary significantly with the absolute size of the 'andform

feature.

The office and labo*atory techniques consist both of various methods

of descriptive geomorphology based upon pWeviously collected data, usually

either in the form of contour map• (see Salisbury and Atwood, 1908) or aerial

photographs (Smith, H. T. U., 1941) and of the methods of dynamic geomorphology

based upon scale models. *The purely descriptive methods consist of topograph-

iC classification and lescriptidn of the type illustrated by Johnson (1933)

and Zernitz (1932) and of such operations upon contour maps as the develop-

ment of maps of relative relief (Smith, G. HE., 1935) or of slope classes

(Jentworth, 1930; Veach, 1935). These operations are designed to condense or

simmarize the data presented by the contour map. They always tell lose than

the nap itself, but are sometinms a quite useful though laborious means of

expressing simplified relations. Other office methods of depcriptive geomor-

"phology are analytical in type. They consist of the projected profile

"(Barrell 1913), topo&aphic cross secti•cr (Uuyot,'. 188), ge ulized contour

map (see Horberg, 1946) and the reoconstructed contour map (Hewett, 1926).

These ol ecwtee a elytioal techniques my be arranmd in

a systematic fashion to provide a standarksed Voo•o•re for the office waly-

sis of landforme. Such a procedure Is an excellent way of discomvei prob-

lems and ev of postulating answers. It mw even a ovids a eometrie analysis
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and a geomtric argmunt, but,. because it dogs not take the evidence of surface

geology intQ consideration, the revilts are, Dot.,cofClusive.

"The laboratory techniques in dyramic geomorphology are centered about

the dyn••ic model (see Hubbert, 1938). These have successfully treated prob-

lems in river action (Friedkin. 1945), wave action (Keaualen 1948)9 wind

action (hosw% 19M), frost action (Taber, 1929), talus behavior (van Buxialoo

1945), sheet wash (Lowdermilk and Sundling, 1950), and doubtless many others,

These stuites have. admirably provided -a ratioml m" of analysing geourphic

process and & qualitative means of predicting the rate of chns in surface

features resulting from these processes.

It is however, well recognized by workers in this field that very

severe limitations are put upon the translation of measarments made upon the

dynamic model into values of the scale of nature. There are, in addition, the

limitations which arise in transferring observations made upon a closed and

controlled system to the open and uncontrolled natural environment. ,PThe

..controlled experiment may be repeated, but in nature there may be instances

.in" which similar results are obtained by the, interplay of different assemb-

lages of forces and materials. JUrthermore, gsworp€ic quantities and, forces

are now loosely defined. They can not be eaessed in dimensional form#

Certainly a reddinition of . goum€p~c terms mast precede any rational quanti-

tative azalysis in.g e logy. At the present time a quantitative con-

dideration of geomorptic features can only be carried out by graphical or

statistical metbods. In the interpr*at~on of the" results dyntmic models

ownv Cistu as dynamic &"lavse

Me field techniquaw-of gIsphol+ogy are almost entirelay the toch-

niques -of rmxvqritn pedolog and poloo They scuist of the construction
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of contour maps and topographic profiles with .the aid of alidade, transit or

less elaborate reconnaissance equipment, the field smageament of geamorihic

process such as velocity of stream flow, velocity of shore aurrente, rate of

sheet erosion and the rate of gully development, the construction of the geo-

logic and soils maps, the geologic section, the soils profile and the litho-

logic description of the surface materials. Geomorphology has, in addition,

contributed one unique technique, the construction of the gea"orj;ic map

(Alden, 1918). It has been widely used in Pleistocene studies. Its applica-

tion, following European practice, is now spreading to studies of unglaciated

regions.,

Historical Sketch

Early Development

American science, Particularly catural science, Is divisible into

three major periods: one, an age, of natural Philosophers, which prevailed

prior to the early 19th Century; another, an- age of naturalists, which domin-

ated science from the earty 19th 't ewssy 2M centuries; and. the third, the

current age of specialists, which came into being about the beginning of the

20th Century. In all of these periods American science was profoundly

ifluenced tr European though.

The science of geomorpholo•r in the United States is an outgrowth of

Vie age of naturalists. Almost from its birth this subject has grown along

two separate but complementary paths. One, which was eventually to mature

into daywnic gemorptholog, began with the introduction of the Kantian

geogra;*y of Ritter and von Humboldt into the United States b0ly O t in 1849.

American textbooks in geoloa which appeared between 1840 and 1890
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were strongly izfluenced by Lyel' a woric. Their preoccupatio Tes thus with

"6bierals, rocks, fossils and geologic history. However, many of the current

concepts of geomorphic interpretation, muh as those related to diastropiism,

the work of rivers and the work of waves, are traceable to Lyell. He argued,

from the Huttdiani doctrine of uniformitarianism, that:

"The geologist who assents to the truth of these principles will
deem it incumbent on him to examine with mimdte attention all the
obenges now in progress on the earth, and will regard every fact
collected respecting the causes in diurnal action, as affording
him a key to the interpretation of some aystery in the archives
of remote ages." (Vol. 1, p. 166)

Thus dynamic geomorpnologr has come to be included, with other aspectdof

dynamic geology, in physical geology for the light it might throw upon the

origin of geologic features of the past.

Prior to 1850, and indeed for a long time thereafter, American

geograrby was dominated by the encyclopedic type of descriptive geography of

Jedidiah Morse. This he defined (korse, 1819) as:

"Ita iranch of mixed mathematics (which) treats of the nature,
figure and msagitude of the earth; the situation, extent and
appearance of different parts of its surface; its productions
and inhabitants." (Vol. 1, p. 9)

Morse and his followers were chiefly interested in mathematical geogmraphy ard

in the compilation of useful and interesting information of the lands and

peoples.

Geomorphology became a part of Aue rican Geography following the intro-

duction of European concepts by Guyot (1849). In a sense Guyot was a pre.-

deceseor of American systematic geography Just as Morse may be taken to have

set the pattern for American descriptive geography. Ouyot defined geogna•y

by sm~inV
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"It should not onl• describe, it should compare, it should
interpret, it should rise to the how and wherefore of the
phenomena which it describes. It-T not amoug I it coldly
to araatomize the globe, by merely taking cognizance of the
armran~e of the varidus parts which constitute it. It uast
endeavor to seise those incessant mutual actions of the differ-
ent portions of physical nature upon each other, of inorp.4o
rat-ure upon organized beings, upon nan in particular, and upon
the successive development of hzman societies, in a word, study-
ing the reciprocal action of all these forces, the perpetual
play of which constitutes what might be called the life of the
globs, it should, if I may venture to say so, inquire into its
physiology." (p. 21)

Gi•ot eaw geography from the viewpoint of a naturalist and conceived of

it as a study of the natural history of human phenomena.

Landform thus became introduced into American geography as the stage

upon which the human drama was played and geomorphology became important.be-

cause it influenced the occumence and characteristics of other geographic

features, American geograpuy which developed during the last part of the

19th Century was, as a result, a curious mixture containing the mathematical

geomraphy of Morse, the g•eoorphology of Guyot and the cliw-tology and anthro-

pology of both of these authors together with the descriptive geography of

korse,

Two Classic Schools

Two main lines of geomorphic thouvit have grown from the philosophies

of Lyell avdGuyot. It was inevitable that one of these lines should be intim-

ately attached to geology and be essentially historical in its objectives

and that the other be attached to geogra.1hy and be chiefly aimed toward appli-

cations and interrelations. In practice neither extre•m has been closely

followed, but, from 1890 to 1940 American geomorphology as dominated by two

schools of thougt. One of these was founded by T. C. COtmberin and the
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other by W. M* Davis.

Chamberlin' s interest was essentially historical and his point of

view may be interpreted as the direct outgrowth of the influenee of Lyell

upon American science. He and M4e followers concentrated upon the study of

glaciers, glacial deposits and past glaciations. This interest, on the

part of Choberlin, was probably an outgrowth of his early interest in

cosmogny.

This school developed a system of glacial mapping based upon geo-

morphic features, and the sib-science of glacial stratigraphy. Their acti-

vities led to the extensive mapping of glacial deposits throuhout central

and eastern United States. Their task was formidable, but their work has been

productive as may be seen by a glance at the Glacial Map of North America by

Flint and others (1945).

From time to time divergent lines of the Obamberlin school appeared.

Thus Salisbury and Atwood pioneered in the .rational interpretation of maps

(1908) with notable results. Flint, on the other hand, has pressed the explor-

ation of glacier ptlsics until he has developed Americat s closest approxima-

tion to a school of glaciology. There have also been signs of the develop-

ment of divergent schools of geographic thougt. Thus, for example, the schcol

begun by W. W. Atwood was a school of regional liysiogralhy in which the con-

figuration of the landscape was interpreted as a supporting or limtng in-

fluence on the human drams (Atwood, 1945). It is still too early to predict

the future of these divergent lines, but is clear that they are needed and

should be supported.

Althouh Davis was not a student of Ouyot, there was a similarity in

razy of their ideas as though the younger nan had ained from the teachings
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of his older contemporary. Like Guyot, hea a geographer who was comzpetent

as both a meteoroloist and a geologist. To many of his co.temporaries he

seemed to preach geograply 1but to do. geolga. This arises from a misunder-

standing of Davis' objeptives and the cmoditions under vhich he worked, (see

Davis, 199). strove to devise a system of descriptive geomorphology which

would have an intrinsic meaning. The descriptions would thus carry impli-

cations which could be used further in deriving general principles concern-

ing the relation between landform and human activity. The explanatory or

genetic description seems the most promisiDgo Sven though Davis called for

the extension and refinement of this descriptive system his writings do not

indicate that he considered such descriptions to be the ultimate objective*

Davis' followers have tended to follow more closely his example in studies of

genetic description and classification of landforms than his pleas for goo-

graphical integration with other natural and social sciences.

The great achiewzaents of Davis and his followers were the areal des-

cription of the United States compiled tV Bowman (1911) and Pennuean (1931,

193a), the systematic description of shorelines (Johnson, 1919, 1935), and

the systematic study of soils (!earbut, 1913). However, Davls' cyclical inter-

pretation of landforms and his recogmition' of the oomplex history of erosion

and uplift ct mountains captured the imigination of geologist* and geograh-

ers alike. Suddenly it became possible to postulate a gouor;hIc history

from an otherwise mesarigless mass of hitls and valleys. Many people yielded

to the temptation to make such postulates; too •ten there were those who did

not terryrto prov them," tms it is, after vlumes have been written on

peplaO3.ns, that we ae nearly as 1porant of the details -of their poportiee

as the day the pmesPlain me-desoribed tv Davis.
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The blind followir4 of a leader can not be expected to bring about

great progress, but here we have eidene that the disillusionment and strong

reaction which often follows buch' practice may destroy or obscure even the

valid principles of the master and retard the development of such principles

and practices as are needed. TkhA, following an itial surge of activity

and enthusiasm in Devision geomorphology between 1905 and 1920, there was L.

doldrum period of about 10 years in which the geograipers turned to human

geograpby and geologists went in search of oil. Devisian concepts bad become

so obscured by inept followers that they seemed unreal. The Davis school

was kept alive . during this time, primarily by Douglas Johnson and his

students.

Recent Development

A strong revival of interest in gemorpholog begn about 1930. This

was marked ty a sharp increase in the number of papers on geomorphic subjects

to about 100 papers a year, an increase of graduate students in geomorpihology,

and a gradual increase in the number of universities which offer the subject.

There is no evidence that the peak of this rise has yet been reached. The

revival of interest was prohably the product of the sequence of ur-inflaticn-

depressica for during and in•di'ately following a war the attention of geo-

pa1phet• is held by gvernmental activities and by large classes in geograbh-

ical subJects in universities and the attention of geologists by the problems

of ecomic expaasion. 2hum research in such aspects of pare or applied

science as mW pholoU soeem to be born in advrsity; productivity seems

to *17 In some direct relation to tbe value of the dollar.

This period of inoieaeed interest In geemorybaoly was also mauked
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by the appearance of the Bryan schoor of thought. -Its philosohy is Inter-

mediate between that of the Chamberlin and.Davis schools for it has borrowed

heavily from both as well as from the followers of Albrecht Penck in Germany.

Bryan strongly supported Davis' system of descriptive geozorpbology, but

argued that one cannot understand the surface except through an umderstanding

of the surface materials. He further argued that, because nearly all exist-

ing surfaces came into being during Pleistocene time, genetic bomorpboloar

could not be divorced from Pleistocene stratigrapy.

The major achieveiments of this school were in climatic geomorphology,

particulary in arid (Bryan, 192) and periglacial (Bryan, 1946) regions, and

in the applied fields of civil engineering (Bryan, 1929), soils (Bryan and

Albrittoa, 1943) and archeology (Bryan and Ray, 1940; Hibben, 1941).

Current Trends

Present Situation

A new era, dominated by younger men who for the most part are pro-

ducts of the 1930-1942 period of revival, may be supposed to have begun about

1950. This is a reflection of the very small number of men who entered geo-

morphology between 1920 and 1930. The present group does not have either the

guidance or the restrictions of their teachers. Under 4i& intellectual free-

don, in the virile field, one =ay anticilate "the development of several dif-

ferent and divergent fields of thoujht. Thus we mry expect the entire field

of geomorpology and its borderline topirsn to be covered more effectively

than would be done by careful followirg of already established achools.

By 1950 Aimerican, geomofpb'o& lad readed a stage characterized by

the achievement of 'a reasciabiy 'thoroug oeoonael bacription of the oowmtry
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,and by the general stateu~t of mny outstanding problemso Several basic con-

- 'CsPts had been. forMRlated. Among these were the concepts, of bass level, ero -

* sion cycle, nick points, retreat of slopes, regmen of streams, climatic fnuc-

tuitions and polygenetic surfaces.

The cream mny have been skinmed from the top, but the discovery of

principles and the proof of hypotheses, with all of the attendant drudgery.

remains. Not a single topic has been exhaustedo In most instances the work

which must be done is on an enlarged scale and requires much more detailed ob-

servation than previously. The greater detail of observation, newly available

data, and the gidance of new concepts do, however, justify the re-examination

of many classic areas and problems.

Descriptive Geomoripologr

Descriptive georrbology has been .oninated, until recent years, by

the methods of regional description applied by Bowman (1911) and Fennmen

(1931, 1938), Their descriptions of the United States comprise one of the

.great achievements of American geoaorphology. This type of study however, is

not wholly suited to application to detailed studies of land use, transporta-

tion or other. large-scale topograptic features. AS a result a second trend,

.. one of empirical description, has become prominent. This trend, which Yes

-. J*;ed. by Wentworth (1930), Guy-Harold Smith (193%• and others reached a peak

of development in the land classification studies of the U. S. Department of

Agriqcýpur.e It bas been particularly valuable as an expression cf a need in

geomorkc description which apes beyond the .Dvisian wartem. It has made it

clear that a pmrely descriptive ysteM, which can be used before a geomorhic

ameyuis is comleotOe is badly needed. It has similarly .made clear the demand

for laixorm description in imach greater detail than that used by such
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regional geomorphologiats as Penneman.

"&iW oonuideration of land surfaces, beyand a crude classificaticn,

will show that the differences between surfaces are due to differences in the

agents or regimes which produced them. Thus a descriptive classification which

emphasizes minor forms and which is based upon the coixtione of develoruxent

is most likely to meet the requirements of both the geographers and meny others

who have found applied geomorphology useful.

These conditions, on a gross or regional scale, are met by the newly-

developing field of climatic geomorphology. Here geomorphic features are re-

lated, through the formative processes, to the climatic regime under which they

were produced. Soil features and biological elements are also related to

climate. Tkus geomorholoy mary be related to the other elements of pcaysical

geography through the common denominator of climatology. The recognition of

climatically determined morphogenetic regions does not imply discard or

replacement of either the physiographic provinces or the structural regions for

a different orler. of geomorphology is treated. It does, however, permit more

detailed studies in coqarative geomorpholoa following a rational pattern and

the recolition of evidences of a complex climatic history. It provides for a

system of analysis and regional oompariion of slopes, soil producing (pedo-

genic) regions and• •rosions1.pheqomen&* These may prove to be useful in

applied geomorphology.

Tsehe sytm of clim&tk geomorphology may event .ly be extended to

include microgeamoripic studies*. However, at the present time a system of

microgshmo c classification based upon the attitude of the surface, the

nature the st..aerials, and the agent which produced the suface

"seems both mst apPlicable and.est.promisir.
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Dynamic Geomorph1ology

z Y'1uvial. gooourpho~ogv has been studied in the wmoutaiwno regions and

alluvial valleys of both hinid and semi-arid clifttoes iMountalm~s regions
Jokino~on (1931), Bradley (1935.,

have been studied by Davis (18891, 1911), Blackwelder (1915)0&~twood (1938) and

ma~ny others, Studies of alluvial valleys are exsqilified tW, the work of

Lawson (.Lq 1-5), Bryan (1923) . fussell (1936) and Putnam (1942). Maese, and

other, brcad studies have served to clarify, to smoe degree, the Davisian coon-.

cepts of thie erosion cycle and the characteristics of the peneplain. Corol-

*lary to these studies were those of drainage pat tern interpretation puirsued

chiefly by Johnson (1931) and of pediments as studied by Bryan (1922)., As a

result of these studies some limited areas have become classic for their

treatment, and others nearly as promising have been relatively igwroed* These

classic areas are the Lower kississippi Valley, the Colorado Plateau, the

middle Rocky Mountains of central Colorado, and the northern Appalachian

Mountains.

Fluvial geomorphology of alluvial rivers as exemplified by the studies

of Bryan (1923), Russell (1936), Putnam (1942), the Aray Dgineers (Wiis.,

1945) and the $oil Conservation Service (Brown, 1944) has aroused increasing

interest,. It is likely that it will not only persist as a major part of

fluvial geooorphology, but will sexeed all other aspects in it,*. practical

Importance*

Recently there has been Increased interest Iun slops mor];blogy as

reflected in the studies of the Soil Conservation Service (see Bennett, 1933)

&An in the work of Mwarp (1938) Harto= (1945). Strabler (1960), and otherst,

The major problemis ihich *students of fluvial gso.arpolog face today

concern the relationship between filuvial. features and other 'environmental
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conditions. One of these problems concerns the relation between discharge,

stream load, gradient and channel chaxateristics; another concer'n the effect

of changes in climatic regime, vegetation cover or sea level upon stream flow

characteristics. The most pressing need, however, is for a classification of

rivers, or of parts of rivers, which is relate&. to their characteristics of

flow, erosion and sedimentation.

The studies of solution geoam clogy have been concentrated upon cave

studies following either the approach outlined by Davis (1930) or that of

Swinnerton (1932). Most attention has been given to cave description and the

smaller cave features. Relatively little has been done on the relation of

caves to regiozal features and relatively little has been done concernirg the

topograp*hic features of solution landscapes.

Marine geomorphology surgid suddenly ahead during the war 1914-1918&

This surge reached a climax iV the 1920' s when Johnson published his two vol.-

umes on shorelines (1919, 1925) in which he applied the observations of Gil-

bert (1890) ani European geologists to an analysis of shorelines in general.

Perhaps Johnson overqhelmed the field for there followed a period of distinct

inactivity notably broken by Anteve (1929), Cooke (seeeCool, 1936) and the

Beach Erosion Board. A second surge of interest accompanied the war of 1939-

1945 and its amphibious operationse (See Anonymous, 1944; Bigelow and

Idmondson, 1947). The products of this period are illustrated by the labora.-

tory experiments of Keulegan (1948).

Marine geoomorjiiology, including shor elinea is a broad, relatively

undeveloped frontier of d• amiceorphology. Almost every aspect of the

subject is in need of further study. No attempts at compsativs or regional

consideration of shorelines hise been extensively carried out. ge
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gsomorihology of nadersea areas, particulrly that of shallow waters, is great-

ly in .need ?f st'jdy as possible aids to navigation or to the stuly of fisher-

ies.

G],a;la. geomorj•h'Aogy is oonnonly div.dad into studies of continental

glaci-rtticn •nd of .ounoi-in glaciation (see Flint, 1947). Both branches hav)

advanced rnipidly during the past 60 years., This has largely been brought

about by the efforts of the Chamiberlin school. Two of the most notable devel-

opmezats in continental studies are the growth of the ooncept of glacial re-

cession by stagnation and the growth of the concept of separate and distinV'.

glacial stages composed of sub-stages (Flint, 1941). These concepts have b-,:n

challengd by Longs. / E fforts of the followers of the Chamberlin school

have also led to the development of a standard P]eistocene chronologr in the

upper Mississippi Valley and its extension westward (e.,g. Flint, 1949) and

eastward (e.g. MacClintockc an. A.el, 1944). -These efforts have made the

upper Mississippi Va41ey and adjacent Great Lakes region the classic area in

American glacial geomorphology (see Alden, 1918; Alden and Lesihton, 1915;

Kav and Atgel, 1929; Leverettý 1899, 1932; Leverett and Taylor, 1915).

7he developments of the immediate future, in continental studies wt]ll

probablj include an exploration of the implications of these Iwo concepts*

One line of investigation may relate to the influences of meteorological condi-

tions and subglacial surfaces upon the maner of glacier movewent and type of

recession. Another line will probably extend the climtic interpretation of

the Pleistocene and result in a division of the preutisconsin glacial stadia"

into sub-stages. This will tfrther lead to a recognition of bried looess de-

pos$ts and their clastic sinificance.

The recent studies of moumtain glaciers and their deposits have been
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domi nated by problems Qf gl~cier reim (so,98) climatoloran

glacier mechanics (Dwzarest, 42;, irpn 1948). These, howeveri are intim-

ately related to the interpretation of the Little Ice Age of 1650-1850

described by Matthes (L941). The general retreat of American glaciers since

1900 provides an inviting group of problms involving meteorological and

hydrological observations about the glaciers and obserintions of changes in

shape and size of the ice. Meanvile the problem of correlating th Little

Ice Age and earlier substages with the features of lands not covered by

this ice (as was daoe ia part by Bryan and asy, 1940) remains active and press-

ing.

Periglacial ge•oor1poloo of the ileistocene in the United States is

still in its infancy. The fact of a periglacial regime during the glacial

episodes of the Pleistocene is only now becoming generally recognized. This

the implications of the periglaceial concept have only scarcely been touched

upon. The more %"pectacular form of frost-produced soils are now becoming

abundantly reported (Deny, 1936; Sharp, 194Q; Safith, H. T. U-, 1949). The

less obvioca forms will be recognized in time. The frost-produced rubbles,

by their association with stream terraces of =ddlaciated valleys demonstrate

the fact of periglacia alluviation (Peltier, 1949)o A similar association

with d•o sand, ventifact plvment and looes. sntlb is le•aing to the

recogition of wind action as an ipQrtant feature of periglacial conditions

(Hobbs, 1931; Smith, H. .T. U., 1949). The immediate problem include that

of the distriW tion of fxot-prod•ucd f eatures and poriglacial deposits in the

United States as well as the variation in sine or ty•J of the" features from

place to plaee.

The - hnosmena of orrent periglaial ,processes have, on the other ha4
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been known for a long time truý the studies of the Ala" Branch of the

U. S. Geological Survey (e.g. Leffing.ell, 1915. Cairnes, 1912; Nekin, 1916).

hieir study is now being actively continued tV the Aladsa and PFrsfrost Sec-

* tions. of 1oe U. S. Geo!..gical Survey, the U. S. Bureau of Plant Industry,

Soils and Agt7icultural Lnginesring and many inividals (e.g. see Journal

of Geology, Vol. 57, No.. 2 (1349)*which is entirely devoted to articles on

periglacial topics). It is still early to predict developments, for this

field is still in the early stages of observation and classification. It is,

however, a topic in which the student can scarcely avoid a disovery.

Eolian geomorphol is another underdeveloped branch of Americwa

geomorphology. Most of the obsermtions on mnes have been studies in

sedimentation. However, dunes have been classified (Melton, 1940; and Bag-

nold, 1942) and their form has been related to the suppy of sand and. the

velccity of wind. Hack (1941) has studied the relation between plants and

dune form. Huffington and Albritton (1941) have further recognised buried

soils and nultiple generations in the sand dunes of Texas,

Studies of looss have advanced moch more rapidlys. Loesses of Nebras-

kan, Kansan,'and Illinoian age as woal as at least four Wisconsin loesses

occur in central United States. Quy D. Smith (1942) has proven earlier

contentions that these loesses ate derived chiefly from the Lars alluvial

valleys. Thus the regime which. produced alluviation mast also have led to

loess developenst. Recent studies b various writers have demonstrated the

existence of thin bodies of laoos, often containing pebbles intermixed by

frostoheaving thz'ouot northeastern United States.

The avulable knowledge of sollan deposits is now being compiled

upon a sinsle =ap by a omttee .under the leadership of Japes Thorp and
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H. T. U. Smith. The needs for further exploratio• , correlation and inter-

pretation in eolian geomorphology are quite apparent from it.

Since I. C. _Russell wrote on the volcanoes of North America (1897)

studies in volcanic geouorlholr have been neglected. Those studies which

have been made concerned separate areas. They do not lead to comparative

studies. Anong these studies are those of T. W. Atwood, Jr. (1935) and

Nichols (1946). Thus the future for studies of volcanic landscapes in the

United States is great, but such studies must begin with the elementary mat-

ters of description and classification.

Applied Geomorrihology

Attempts, with varying degrees of success, have been made at the

application of geomorphology to related subjects (see Table 1). The oldest

and most often used applications are .found in g eology, pedology and humn

geography. Me newer applications in thq other fields are of equal or

greater potential inportance.

The earliest applications in g__l were made, following Lyell, in

the reconstraction of conditions of sedimentation. They are well illustrated

by Berr.ll (1907, 1908). Another equally iaportant application has been

found in the field mapping of geologic waits and structures. This application

is based upon the asmomtionu of correlation between surface form and surface

geology. It is well illustrated tb Salisbwy and Atwood (1908). Cther

applications have related to the interyrettion of Comosoic History (e.g.

Atwood and Mhther, i32•) and von fo•m,•ois (P.-o Sb&p 1,940)e

The application in p (3mtt, 1933) have been largay relat-

ed to saol eosion and soil. ooaservation. This application wu recently
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greatly increased by the establishment of the Soil Conservation Service. eTh

second maJor application of geomorybolog in pdlogy relates to soil g seis

as illustrated by Leighton and MacClintock (1930) and Bryan and Albritton

(1943). This. application, long generally recognized, has been rapidly ex-

panded dri ng the past decade. This is exaeplified ty the current coopera-

tive program between the U. S. Geological Survey and the U. S. Bureau of S•ls•

Applications in botany are largely indirect applications of geomor#,k-

ology by way of pedology. They are problems which relate to the interpreta-

tion of changes in plant associations or to the interpretation of forest

history and forest site* Development of this field has not been extensive

and has been carried out mostly by plant geogralhers and ecologists (as for

example Cooper, 1935, 1937 and Raup, 1945, 1946).

Similarly the applications ct geomorphology in climatology have

largely been made by clizatologists. These applications have related to

mountain climates (see Lansturg, 1941), the effects of mountains and lowland

swamps upon air mass properties (Conrad, 1942).and the effects of topographic

features in microclimatic analysis (Howell, 1949).

The applications of gsomorjhology in social science, as illustrated

tV studies in the United States, have-boew concentrated in the field of huran

geoVrphy where a time-honored assoclation has existed since the days of

Guyot. This has arison, at least in part, from the recognition tat certain

similar eomorpjhic andscapei mWbe characterized by correspondin•y siilar

botanical associations and sich cultural characteristics as rout, settle-

meat and lan&use patterns. Thus, in.Massachusetts-, oase finds the closest

affinities of the sand plains of Cape Ood I n e gsa plais of the COnecti-

cut and MerriMc Rivers. Similarly, the low.lyiw sway-.Atlantic Coastal
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Plain of New Jersey WAd MarylaX4 cut V, 1a O SIbs~en~Dft9 has beooua asso-

ciated with the development of peculiar cultural pyatemns whLch extends across

political and historical boundaries au4 sets the region ajart from the adja.-

cent-hilly region of the Piedmont. No doctrine of geomorphic determinism is

here presented, but merely an illustration of the way .in which geanorjziolo•a,

inter alias, may influence the growth of patterns in cultural geography* Other

emaiple, may exist, but the applications and significance of gbomorphology in

this field have been very modest.

The associations, such as described in the foregoing exa•ples, are

realities, but their analysis and interpretation is often complex. In many

instances the association is not fully understood. It seems likely that more

detailed studies of swall areal units mast be aade before the principles,

essential in the interpretation of the larger regions, can be discovered.

Such intensive studies in the topics of land utilization, transportation

geography and settlement geograpy have seemed, in this connection, at tho

same time both fruitful and most promisin&

In land utilization studies tn the United States, wknere suitability

of the land for cultivation or for building constructton ts. important, such

elements as soil type, drainege amd dissection and slope are sipificant. In

transportation. go•,pathy,, which related• to geomorpboloog in matters that

reflect cost .of construction and msintmnance, auch elements as slope, surface

dissection, fovndation conditio•s an surface drainage are significant. Thus

surface materials, drainags, slope gradient and relief, insofar as they relate

to cut-wA&ill requiremts, ta atiýificsnt in discovering the potential

relativ accessibility of-my place. Tho..prlnciples involved in these re-

1ation~aip mast be well qW4tstood Weore, 1th effsect of goomorihology upon
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the other phenomena of human geogravphy ma be properly evaluated.

Recently geomorpholog7 has been of increaging service to anthropoRoa

particularly in the fields *a prehistoric anthropolo r an•e ,olwoe.

Although there has aI.wm.ys been some ocnection b etween these mabjects, and

archeologists have alw"js been wilibg to invite the assistgnce of surface

geologists, it has only been within the past 20 or 30 years that. their qu•eF6-

tions of age, correlation and environmental reconstruction could be met. The

studies of the Sandia Cabe (Hibben, 1941), the Lindarmeier SitW (Bryan and

ay," 1940), the Hopi Sites (Hack, 1942) and the Boylston Street Fish weir

'(Johnson, 1949) exemplify the various types of archeological problems to wviAd

geomorphol6gists have, in recent years, been able to contribute.

Mhe principal applications-of geoIorphology to the various branches

of engineering, particularly civil engineering and military science, arise

largely from the different approdch of the two fields. Geworlplogy is a

natural science based upon rational argumentation whose objective is first

the natural history of geomorphic ;hienome and second the prediction of

the occurrance and characteristics of these phencmena. Aginsering, by virtue

of Its preoccupation With desii and construction, cannot wait on theory,

Its very nature requires its inethods to 'e enpirical. However, engineers

hvo generally been quick to'apply principles of. prediction .henever tbeq

werd available. The field of geomorphology can be of greatest service to the

engineering profession as a source of oMidLtim principles for .the estimate

and prediction of 1geomorpjiic features.

In the field of gecmorphology applied to civil engineering at

least as much geomorphic research, has been prod'od from the e.ngi ring

laboratories as from laboratorlis of g9eAo#;holog,. Noteworthy eamples of
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such research may be found in the publications of the U. S. ArmW J•iuee-s

Liperimadt Station, the Beach Zrosioln Board, and the ScripMs InstItUtion 'x

Oceanogaphy Tam in the fields of hydrology, molls, and soiL erosion

there have been two esearate and almost indepeadant lines of developzmt with

the bulk of the work being done by saginners (for exampe; see Hyrology

Handbook by Bernard. andL others, 1949).

Me geonorphic application, to military sciewe are essentially

special cases of the applications to hum geogmaphy and to civil ezngeeritg

The terrain studies included ia the JANIS reports, and in other joint or

co•bined reports of the last war, were essentially special oases of transporta-

tion geography and settlemat geography. The applications of geomor~olo to

these fields, as outlined above, have applied equally well here.

Other applications in the field of applied science and. engineering

exist. Their possibilities are infinite but their importance, in the total

realm of human existence, are not great. Someibhre a Mold prospector may use

a geomorphic principle in "tracing down" a vein or f Idin a placer. An oil

man may use other simple and. obvious principles in locating a %tructure."

Elsewhere a home owner my consider the "11 y of the lend" before digging a

well or a farmer may plow his fiel.in contours. The"s are catters of commn

knowledge and serve as eanples of the w•y in which ge orphic principles have

crept into everyday life. They are not eGamples of great scientific trvmnph.

They are proof that the duowA of scientific principles, expressed in common

terms, is in no oenuemet-rited to the eccnaiosily or politically articulate,

It m•st, for this reason, fall to tbe scientist to evaluate the demends of

his people, -as well as of his,. problecm in order to determine how best the

public Mood.will be.serveo,..,
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* .The 3rature

.The trends of science reflect the hiatorical currents of the time.

Today-we witness a, contest between qmqricim and rationalisation, a contest

between'ezperimental science and atural science, •ust as we recently observed

the impacts of the contest between spiritual and material motives upon the

realm of scientific thougt. The future trends of any branch of science, swU

as geowrj'holo•7, must follow the domnant pattern.

The dominant trend in- science, today, to toward specialization.

Perhaps tis is a definitive characteristic of our society. However, there in

a poizt of diminishing returns in scientific qpecialization. A man can be too

narrowly trained. The specialist may como to lose the flexibility of thougt

essential in applied fields. The reaction aginst specialization is reflected

in the trend toward general education. 7his reaction has been aralleled by

recognition, in some quarters, that zature mast, in the firal analysis, be

studied in the field where various branches of science bear an inseparable

relation to each other. It is, h6wever, still too early to predict which

vector, the trend or the reactiN, will become &minant.

Perhaps this will be deterned by society' s duand as reflected in

the policies of both the government and lrivate institutions and in the appli-

cations bf the various arts and sciences. In response to the peculiar damuand

of wars and industrial ezoanston the entire field f science is nW, dW ing

the period of 1945-190, under coniderable pressue to develop the applied

branches. The danger of going too far In this dizvetion to the point of

drying up the supply of basic principles 'has beocas broadly recoplsed.

Various goups and agencies have acted to thwart this trend. ea, fec exML6I

the Offiot of Naval Research and Congress throul the establishment of the
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National Science Foundation. It is thiu aparest that American gomorphology

as usll as other branches of Americn sciew'e is "Intizataly bound to American

society uhich will openly or indirectly determine its future,
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SDIL GOMOUMR

The soil is part of the enviroment of ovr place, Just as is the

climate* We study the ,geography of soils so that we can make predictions - prm.

dictions of what will happen If we us the soil oat rticular places in parti-

cular ways.

The Necessity For Soil Classification

To uderstand the soils of different places well enough to predict their

potentialities we have to classify them and mks naps to *iow where the differ-

ent kinds are found. No description of the soils of a place, wot based upon

mapped classes of soil, is likely to serve this purpose well. Therefore the

story of the geographic study of soils is very largely the story of the devel-

opent and use of a wokable soil classification.

Any classification of soils well suited to mold good predictions must

be one which discloses, for each kind of soil, all of the attributes that will

have an Important effect on its behavior umder use and the performance of dif-

ferent crops or stractures upon it. Any soil has a large umber of different

characteristics which together determine Its character and utility, The im-

portance of may one of these characteristics depends upon the others with which

it oc•ars in combination in a soil. Ohs, to knw that a soil has a loom tex-

ture is Important, bat if ona does not also ko- wether this soil has a high

wter table, a dwIllow depth over an impervious layr, or a steep slope, one

oeos not kmow ano about it to sake nanz ussl prediction. 7hrefore soil

classification gscm whbih take a&coo=t of onWLy part of the soil's attributes

wever iqsarnt thee midt be if other coditioms Box qa, are not Can-

* orwally voRtl of use In geopaphc reseasrch.

7AIlmre to sp tis rathe siple principle. hs bee the mse of more

Msledi okmraot4risatiom od soils than almost s&1 other sinle tbinl.
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IEvolution of O~cscesL6 1A onl Qlasificatica

Urly comcepts 004a kiisof @OIL. "~we hasT used, DO doubt since

the bea.nnizqP of sariculturet local terms to denote different kW*s of soil

knouk to thsn, for qMae:.: Mai* Wa4d .u~o, bummoc lad, cLay. Mlei we

reoopiz. such classificat ions as beimrg of almost no use in systematic Vo-

grapbe research, ely. elassificat~ons by. pologi sts were scarcely better.

Actually, soils bavs been studied. outdoors - in contrast to the laboratory -

a relatively diort time. For a long: time study of soils was prznps by

chem' at*,, -influencod. -t Liebig' a theory of plant nutrition, which said, in

eff ect, *t~he soil. Is like a bwk -you put in ftat tho crop takes out-" We

recogaiue some alidity in this theory, but we now imw that we cannot predict

all the potentia~lities of a soil bv dimaical analysis in the laboratory any

sore #=anwe couldi d~termine the charaicteristics of a river by testing a smple,

of it %a wter*

-It was no d~ubt r&utural before people ,.bepn W seriously study the

mailp thaiselves, to classify. soils in, tenas, of the rook underl~ying them.

* $o we bove-bs sojils classified according to the age of the ukderl~yizg rod*

*foination. as Silurian soils. or Carboniferous soils;.; scocoing to the method of

accumiulatiozi of tbes -yet rock material, as residnal soils, or transported

soils; or accordipg to the kbd at rodc, as granite mails or limestone soils.

However, &.few geologists, notably.i-zd bepa to notice that soils

bed mome obaracteristies that oould not be attribztgA to the kiMd of rock they

come from. He repwed /6/ an the pvulence of lbin In soil of the western

semi-meid region, ropwdless at whetber tkbq camn from limestones or acidi

rooks. He i=mdsrtood, tko pinalpLe /6/ tOat owe you ba's stoled, the aso-

ra~ol distribtiom at sDOil VLO-1*ft0a claractersIGUs, 7Mu ane In



Physical D-3,

position to eslect samples for analysis with soi assurance that the samples

represent.more than the spot itars tia wer, collected. This principle we

rcognise today as one of the important reason for mopping soils.

halo /11/ s another geologist iho perceived that the soil us ýsm-

thing more than weathered rock. He recognised the biolocal factor in soil

foruati=2 and lamented the lack of a qsteatic study of soils in relation to

g~ology, dichostry, and botany,

ebegin of sll M2pI. In 1899, the United States Government

began a s'wvey of the soils of the country, in which the different kind were

shown on maps* With many persons working at soils outdoors and sorting them

into kinds to be shown on maps, the observations. of relationships between the

soils and the rocks, the vegetation, the drainage and the relief or lay-of-the-

land mltiplied enormously. A great number of different kinds of soil were

apped, and these were described and distinguished in terms of son of their

own characteristics, as well as of the parent geological uterial. Yet, it was

apparently at least 12 years before anyon discovered tkat soil types could be

grouped according to anything but geology.

Fbr example, in M19, the U. S. Deartment of Arioultur%, Breau of

Soils published in Its bulletin "Soils of the United States" /13/ a.iMP

dividing the country into 13 provinces. One ot these provlnces utcalled

"glacia and loeesal." Within this Iprince" were included lath, the steip,.

"shallor, stony oile of the dLirondacka and Uiite Mountains and the: dee, level

to gently sloping hi"jl fertile soils of the Illinois and Iou prairies. It

Is hard to lugine any soil region mp that woI4' have. as; lttle xvlatiae to

Sthe actva dn aotezist1os at **.soil 9f the ow .trys It is qutte evidnt.

that thbs sop remtled ffte an Off•• t to fit soils Into Peconoei0ved. notiL*,t
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of how thV should be classifieIk repwdless of how thes notians agreed with

on-the-grumd obsermtiais at the solse themselves. It Is sisoy another

instance of how even supposedly scientific people clling to concepts to which

they have been conditioned, in face of evidee that suggests new concept BA

SGeorge N. Coffey? a jnterpretations. In 1912 the Bureau of Soils pub-

Uiskod the doctoral discu~rtatioa of Georga No Coff ey, /2/ Yko for the

previous 11 yeare had wniced I.P. the Soil Survqr as field mapper and inspector

.of - apping.. This thesis OA Study of the Soils of the United States," vas

reconmanded for Publication by Kilt-:n Whitdley, thm~ -Chief of the Bureau of

Soils, with the disclalwasr. t&.t it was done to offer the sciew.ific world a

contribution ct soil aciruace, without endorsing the schan of classification

employed or the couclus.1.ons presented, Rea~ding Coffey'sa work today we rocog-.

ziize ~he god senr.e oni scientific souadness of it., He advanced. the idea of

.a soil classification system based on all the imp~ortant cbawacteristics af the

soils themwelves, rather than ou -any single f eature, and went as far as he

thought he could in suggesting a broad grouping of United States soils based

on this principle, His work is a-classtc and a.milestone In soil geograibfy.

ý, :The. Russlan.Sfhldo. and-its Influence-. Coffey zade reference in his

thesis .to the work of te. Foussiou soil scientists, DockonwAev and Sibertsev,

and. =y bave 'been Influenced tw them in his ou atteaqpt at 'mejc sotl group*.

Tbus Russian workers smn~asized climatic influences In soil forsation, and

recopised broad soil. smog. distinmpided. from one another by climatically-

causedisoil chzarancteristics. K. Do Gliza,4 Director at the Adriwult~ra1

Institute at Lmningradg.reviewed and wwsrissued -the Rsihs" soil scientists'

theories, of soil forms~tom w4andasattiction-in Me Typen der Bod*WAblw

/3/v -Vhbiabed. ft 19146 -Me. &IseiaR woalcers noticed. that the soils ova' larg
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regiLon had oetain similar daaatoerstics rep reess o- the Mid a rock

deraneath. Noting the' ooespoudiceof these soil ezaroteristics"b culti-

vatd reeons the attributed them primarily to '"he OIsate."

U their view. only those wwrao materials tft$ bad rined IA -place

long enough to obow am of the ehergteristics Impressed by the envirowmiet

ct that place were tru soile, Fresh materials, su as that recently deposit-

edby a treas was not @oil, but a machencal deposit. Sherefore, a soil

ihan vased from a hillside and redeposited som here below* would ceee to be

a soil anA become merely alluvium. Recent American literature of sol classi-

fication/l, 7/ has tended to reflect this point of view, but as a practical

tatter, all land areas have to be brousht into the soil classification sateme,

shether they are theoretically "true" soils or not.

Dakoucayev handled the problem of *hat to do with redeposited soils,

in his 1879 classification, by calling them *etra normal" soils. Soilethat

have not been changed by dynemic processes other than soil-maJkig processes

he called 'normal" soils. Thus, in order to account for all of %hat ordinary

people consider to be soils, he had, in effect, to illow two definitions of

soils in his scheme of thinm, one to cover all soils in the broadest possible

sense, and woe to cover those soils that had developed as a result of ".oilP

forming (environmental) processes. " It would be easy to criticise th1a as

illogical, yet we have to recognise that the processes of erosdam and deposi-

tion are in fact also geologtcal processes, and that the piocisse p6cifliar

to soil formation are of the sort Kdwaceay• so labellid. 6&inka did•

criticize Kkouchaywv'l use of "abnomual" pointing out that suah a soil .could

not exist in a natural ilassifition systems He indtletd that a soil trans-

ported to amother locality is-not a soil at any- kndin tt a- meztnical deposit.
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Sibirtseff. about 18N, presoa td a sytem at soil. olassificati

basically similar to Dokouchav' a. but containing s•m am features.e he

soils which distingish the•great soil region that correspnmd more or lose to

Sclim.atic resions and reflect. climatic difforeos he called morl" soils, But

he also tried to pl• e in his schhme thase soils *•hi•, in 9ll the sons,

di ofer. markedly from the predominant sonal dwracter.. Thom he separated into

too broad. alases: 1) "int"raozal," if their.occurrence as limited to one

moge (e*izple. alkeli .oils occurring Lthin soils of the dry steppes) and

2) .•azozm1" if ther .9curred irrespetive of the sones (eamplpe alluvial

soils). 7•.th son) modification th~i-3 grouping corresponds to the highest cate-

gory 4. the present American soil classificatin syste% namely, the order

Glini in "Typen der Bodenbildubn' proposed a classlfication which, like

those of the earltar investigators, eapbasized clivatically.,indu.ed soil groups

All soils he broke ,jf.qA into ti o.broad groups:. 1) aucto~na-rhic - those

that owed their character Iriizarily to. external A.owces (yriniqi•Ll climate),

and 2).endodynpmorphic - those in which the nature-of the parent rodc has

influenced the amract of the soil, so strongly that it is not what one would

expect from the clature under whigh it 4eveloped, Uktodynaorph*c soils were

subdivided into groups according to the.relative. amomts of moisture reaching

the surface Waers. One sua group concluded wet soils, like paet; another

tUe soils of sa-eui- d aad arid regioos. These groups were subdivided in turn

according tos l)mJor profile &=up*, 2) parent roc••, aand 3) mecanical

composition (texture).

IMarut M -_the Laftwrl C' stift• on System. Dr. Curtis I. Marbut,

in iarge.9 .t•t•e .'•..rates ).atial 31.S-urv-q from 1913 until 193.#
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became acquainted with'the Ruassan theories of doll classification and appgrezit.

ly found mich in them tkmat oonf irmed his om theories drami from on-th..-gr .ond

observatiorza Of mMy soil profiles all over the Tlnited 6tatesi He translated

from the Oerm@A Gi~nkas, aPTA= der Bodmbildung, w /4/.

It is Interesting to surmise wihy our' now virtually Intirftticcal system

Of soil classification spring$ so largely from Russian andi North American in-

vestigationas, rather than from western Burope where farming is more intenysiv,

and, where one would eipect the geogmajh of soils to be ame intensively

studied.6 The soils of both ftssia and the United States show striking region,-

al characteristics, e.g., the dark colors of the steppe and prairie soile

In contrast to the l~igt colors prevailing in the timxbered regions. Soil dif-

* ~ferenc~es within a western Auwopean country were local differences related to

the rocks, Broad regional differences related to climite were not so evident.

lharbit, tried to see bow well the Ruisian schames of -oi1 classif ift -

tion could be applied in classifying the soils of the tinited States into

great groups. He concluded that the Russians 4Mhssized climato too excluo-

sively in their =Jor grouping. He felt that a ti'uy ratural system of class-

ification should be based on all the soil'sa characteristics, however they

might have been caose&.

American soil zsmjilng e~eriaioesuggested that vegetation, Inde~pendent

of clizatsi of ten had a profound effect on soil characteristims -2ho American

pmrairies afforded. the most stkking e*m*e of this* In this iregion soils

that had been umier the mtuatal' tall grasses were uskkedly different than

those unisr forest, and were i.paratted. from them by ubarp boundaries that

* could hardiy be' ascribed t6 olliwatic diffstaWoo. Russia b&A no great area

cops'aleto the humd prairlies of ou CintmaX States'i
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Sabut also stressed the factor of time in soil development. Clearly

it takes time for environuental factors to affect the character of a soil.

1Material freshly deposited. by streams, wind, or glaciers Is quite diffearent

than it will be after it has lain in place for a long period. Hence you will

find soils in all stages of development according to how long they have been

where they are,. "Young" soils, Marbut said, will express primarily the char-

acter of the geologic material; in 'told" soils the characterl.stics acquired

through enviromental influence will overshadow those due to the parent rodc-

"tOld" soils tend to have sharply differentiated 1hyers or horizons, especially

subsoil layers that are tight or sl.,wly permeablo, whilti 'young' soils gen-

erally lack these features,

Tbpora To y (includi.ng drainW) affects the develolpent of soil as a

natural body, Marbut. pointed out. Thus the five factors responsible for soil

charcteristics were Olinte, vegetation, parent rock, topograhy, and time.

The soil profile characteristics themselves. not the factors that pro-

duced theL, were what Marbut proposed to use in classifying soils0  His class-

ification on this basis is contained in the Atlas of Amrican Agriculture /10/.

A Soil as a reogso phic Bod4Z In more recent wars we have Paid more

attention to the reality that asoil is not merely the successive layers of

earthy material at a lartiwlar spot, but a natural gwgaphic body with de-

finite weal exent ad surffce configuration I//.

"1arbut dealt prizpily i th the medial profile of each soil type or

group. But o.4s vary in a gsogrkpic contimzmm. Thus if we are to have

classes or kisds of soil, they nost be defined by ranges of characteristics,

or sets of chdrcteristics fallipg Ithin certain limits. A kind of soil we

thik of as a little 3 bCdsc (1ig. 1). Defiznd in this y a soil is not
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separable from its eurface. configuration, which we now resrd as one of its

characteristics - an external one, as distn4guishod from internal ones such as

structure*

Recognition of the eographic character of the soil type has helped us

greatly in applying the remalts of laboratory tests and field plot experiments

to faxm and fields - the soil type tells us what area our sample or our field

plot represents.

The Still-Develoling System of Soil Classification

We have gone far touard devising a natural system of soil classifica-

tion, eog., one in which the classes are defined and distinguished in terms of

their own natural characteristics. Yet the system is far from perfected. The

soils of many parts of the world are still poorly explored and in large part

umapped. Soils are encountered every now and then that do not fit into any

of the great soil groups previously recogaized& This suggests that we shall

find new members of this category for some time to come. Furthermore, re-

search is constantly disclosing new relationships among soil characteristics

that improve the basis of classification.

Present American theory and practice of soil classification are well

sumarized in a symposivm published in the February 1949 issue of Soil Science

/12/o Here are set forth the basic principles urderlying soil classification;

and the funmAnentals of the Amerian system of classification are outlined.

They will not be repeated here.

Function of a natural soil classification. It will be profitable to

consider why we stress the develouient of a natural classification of soils#

for the reason is not well unterstood V some workers in a&Iculture and

esgintering ad probably not 1W.a good ny geogra1hers. -Many sab workers
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appear qiate comtent with soil olassiftcati:u eressed In term of the util-

ity or perforMnce of the soil, eigo, "oof" -boils, maning soils well inAted

to corn, or "plastic" soils or "first class" (or sixth class) soils (for

agriculture, tilled cropes p'esmtsi itplption, airports, or whatnot). Mhy

Is anything more necessary? Perhaps for a particular problem at a particular

time no more wou.d be necessary. But clearly we canot afford to MaRe a new

investiptiogi of soils each time a now problem arises. Sppose we have class-

ified a partidlsr soil as a third-class soil for cultivated crops? What does

this classification tell us about it? Is it suitable for alfalfa? Does it

need limet Must it be leveled before irrigation? Can it be used "as is" for

highw••subgrade Vill it drain quickly after reins? will it afford a

source of gravel for road or building construction? Not one ot these ques-

tions oan be answered from the knowledge that the soil is thizdlclass for

cultivated crops. IdeItification of the soil in a taxonomic classification,

on tie other haid, discloses inftroation about its character, uhich permits

all these questions to be readily answerede ....

The need of taxonomy in soils is analogous to the need for it in

botany. Knowing that a tree Is a honey locust tells us its characteristics

and utility, and the performance of its wood*. Similarly, knowing that a soil

is Tama silt loam, tells us'its characteristids, Utility, and behavior. Lack-

tag a natural classification system, we wduld have to test every plant

specimen, or the soil at virtually every spot, to predict its utility*

TaxDnmc not enou1. Obviously, however, the natural classification

by Itself does not afford enough knowledge to predict the ocapbilIties of soils

In partioala places, To do that we slat have knowledge, 'pined bI eqzerionso

or expsrlms as to hw the different kinsi perform Wtn used In given wayse.
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Apin, this can be illustrated by a botanical analoqW. We nay be *11 able to

identify the Virginia pin and place it in our taxnomic system. But until

someone has tried to cals pulp and paper from this tree, we do not know- whether

it makes god pulpwood or not. Once we have made jilpi tests with samples of

Virginia pine and found it multable we can predict with soe confidence that

this species has Spod pAlping potentialities wherever it is found. So it is

with soilso

All this is to emphasize two important phases of the geograhic study

of soils: 1) mapping the soils to show the different kJmds as defined in the

natural soil classification system, 2) mapping interpretive classifications

so as to show the potentialities of the soils for various purposes.,

Classifying Soils to Show Use Potentialities

Interpretive Groupings. Given a amp ahowing.the soilwof an area

identified as units of the atural classification systiom -,- the geogtapher or

other worker can prepare'a great number oft ma off the area ewhhshowring the

distribution of some one soll characteristic affeating land use, crope, farm

practices, or engineering practices in some important way. For szpLa, all

the soils having poor drainage nay be very- eaily delineated from those having

good drainage.. Similarily, all soils having entle slopes can be separated

from those havizg steeper slopes, all soils with roothndering laers can be

outlined, as can all those with bedrock at slight depth. However, -the go-

gral~her or other worker skilled izu interpreting the influence of soil .char-

acteristics upon the per'for•ance' of. p .ticu]ar crops. or. structures will not

trouble to moke maps of individual, dm ra.• eristice Rather, he will consider

the combined effect of all the characteristics ot each soil upon its maitabil-

ity for use and make his predictions acorilf. Indeed, if h-e kes naps
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showing certain characteristi•c, but not all of those relevant to the problem,

he may be.unduly sayed by those he has chosen to map* The danger of judging

a soil on the basts of one or two characteristics while neglecting others was

pointed out earlier.

Cue important problem in soil geography is how to describe capped kinds

of soil so systemtically that workers who need to appraise the suitability of

soils for specific purposes can do so from the soil map and accompanying data,

without a lot of research and interlretation on their own lart. One device

recently coming into use is the tatular summarv of soil properties as a map

accompaziment, an example of which is given in Table 1. This kind of table

contains results of observations and interpretations tV the field soil

scientist, and greatly. facilitates use and understanding of the soil map on

the part of workers needing geographic information on soil properties and

behavior. It seems li1wly.that such tabulations will come into general use

accoqmanying soil maps and -that the number of properties and behavior cbar-

acteristics to be so portrayed will be expanded, as experience and research

disclose new facts about the different soil units,

Classifications predcting utility. More important than groupings

vhich sort out and show distribution of sokle possessing specified properties

are those in.which soils are classified according to productivity for parti-

cular crops, response to. irr4ption or drainage, erosion basurd under speci-

fied manag-mt, major use suitability, or general sgricultural productivity

(as related to, say, taxassessment). Such classifications can take many

forms and can ,deal with an almost imamerable number of uses and practices,

engineering as..well as agricultural.

Much controvervy has raged over the question of whether we need to
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choose -certain for=e of, lad otassfi catil (in the emse of lap&usuitability-

predicting) Ua4 apply them universally. Actully, a mp grmter problem is to

secure recopition of the facts that 1) many land classifications can be do-

rived by interpretatian once tha soils have been mspped and their cbaracter-

isstics and perfomanas data tabulated and that 2) ladlng identificatimof

the kinds of soil. one is without any firm bais .for land classification, and

must rely on other evidence which may often be unreliable or of transitory

value*.

There is, indeed, need for many kinis of land classification, each

to meet particu2ar kizzs of problemso Some will, according to .the kind of

problem to be met, depend on economic as well as upon pMsical considerutions

But some will be scdl capability classifications, in which the units of class-

ification are the kinds of. soil identified in the mntural soil classification

sestem, Examples of these are found in Soil ScienceFebruary 1949, pp. 141-

150 /12/, The gzat mistake to be avoided is that of proceeding directly to

conclusions about utility, without use of any system of taxonomy to vich we

uoay turn for basic data on soil cbaracteristics when our cacdlusions have

become invalid on account of changed eonomic circumstances.

Relati!& Soil Performance to Soil Classification. Graduslly we are

beginning to grasp the full significance of zmaing kinds of soils as

classified in a taxonomic system. ."n now, mny see nothing in it beyozn

*a once-over-the-ground pathering of information aboul aLls. Ihis, imortant

as it is, is only the beginning of the geographic studyof soils. It is the

framewo* on vhich we orenzi e, and sa•y geogra;bical.ly, our continuously

increasing knowledge of the performance -of soils. Out analogy of the Virginia

pine. a&Ad -the ,lpwooL, will help illustrate the rpint. Suppose the wood we
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tested for pulping quality was simlqy wood of an unknown and unidentified

species. Of what value would our findings be? None at all, until we had

identified the tree species. The same with soils. If we carry on an experi-

meant in a particular spot, where will the results have value? We do not know

for sure that they will aly. to any place except the plot where the experiment

was done, until we identify the kind of soil. Then they will have value where-

ever that kind of soil:i*%Cound,

This simply means that an important part of the geograpuic study of

soils consista of relating the results of experience and of experiments, to the

kind of soils on which they were obtained. Te can then classify results by

kind of soil and: build up inforuation of great prediction value. Crop yields

are one of the well-known kinds of performance data related to soils that have

been oollerted and used in geographic. pwediction. In engineering we have only

begun to recogize the potentialities of this principle aud use it by classify-

ing results of physical tests by soil types, so as to develop performance class-

ifications of soils. /12 pp. 159-161/.

National inventory - what shall be its scope and level of detail?

Implicit in a national soil mapping program is the idea of inventory -

counting up to see what we have of different kinds. In a soil inventory,

what should be the different kinds "hat we count up? Te could, of course,

add the acreages in the different types, series, families, great soil groups,

and so on. But certainly people will expect more than this from a soil in-

ventory. They will not be content with such facts as that we have6 979,319

acres of Dillsboro silt loam. It seem plain that our inventory mast count

units in some Idzd of classification according to soil utility.

Ihe batural soil survey progmm, of the Dkpartment of Agriculture and
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the Sta Ae'Ip'iducbal Axperim~et Stations bJjs not carried ay standard inter-

pretive claisification in term of soil potentialities or utility. It seems

probable that any such classification made 40 years ago would now be obsolete

in many respects due tothe great cbwgs in the production potentialities of

sca soilsg, resulting frWn dianges in agriculturdl techniques. However, it

may well bd argued that tde soil survey has completed enoug wozk that classi-

fications permitting inventory are now desirable. For reasons mentioned earlie;

it is possible to develop such classificatimos from soil surveys already com-

pleted, althkough not in all the detail with the older maps that would be pos-

sible With more recent ones,

Soil maps have portrayed continually increasing detail throu" the

years, in response to need. Field maps in farming sections are made on aerial

piotograjhs usually at a scale of about 1:15,840. Publication is very often

reduced to a scale of 1:31,680, with some loss of detail through combination of

areas. The published nape lose s6 zuich detail in this process that they are

not generally considered suitable for farm planning, Yhich mast rely on the

larger-sc6le field sheets. "If the meja ate to be thus generalized for pabli-

cation, could they not be generalized much more, and still show enough for the

uses not requiring full detail, therekr "aving much publi cation expense?

Should inventory data be in accord with th6 detal,6d ifield mps, or with the

plblished M"p? Is inventory reall needed, a'ws, except in broad terms?

Could it be amply provided fr m a sample of detiled sureyc "representative of

each important soil assdclation area? 'iat are the Important'categories to

"be used in a zationsl inventory? These questi6atis ed careful consideration

in a 1iit of hok different alternatives would' Ia&s the needs of different

groups bfusers.
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Geogra•Iy of Soil Patterns. MQre important than inventory, however,

is the importance of displaying thp soil. pattern and of predicting the fit-

ness cf enterprises that are governed by that pattern. All who have capped

soils in the field are aware of the coQplex intermingling of individual small

bodies of different, sometimes sharply oontrastin& kinds of soil. Figures

giving total acreages of soils in different suitability classes, for an area

or region, are seldom, in themselves, of great practical value. Small bodies

of deep, leva, fertile soils, interspersed through a matrix of rough, stony

land may have scarcely any value for cultivated crops, while an equal acreage,

concentrate,- in a few larger bodies might be higly desirable crop lands.

Hence, both the characteristics of individual kinds of soil, and their geo-

graphic association in patterns, must be considered in 4eo hapbic studies of

soils looking toward prediction.

This would seem to require, in every area, highly detailed soil maps.

In some areas, for certain qpecific problems such as highway design they will

be necessary. But apart from uaapino, which is designed to meet a problem

known to require high cartographic detail, it is usually not practical to zap

out all the detail that one actually encounters on the ground. It is simply

too expensive for the ends in view. Mat then, does one do%

Fortunately soils very commonly occur in patterns that are repeated

again and again. Tw or mr e types will be found in association in uore or

less characteristic proportions and characteristic landscape positions. The

whole of an area possessing a characteristic pattern of associated soils we

now call a soil association. Soil associations can be moped and character-
Ized as to the proportions and geogra1=hic arrangemnt of the associated soils.

When the characteristics of the latter are understood, good predictions of
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the use potentialities are possible. The detailed Pattern of each soil asso-

ciation area Is learned by mzapIng a sample of it, By this process much pro-

gress toward an understanding of soil potentialities of particular places can

be made, short of mapping in extreme detail.

It can be seen that soil inventory could deal with soil association

areas, placed as units in some use capability classification, rather than

with the units of a highly detailed soil map. As a matter of fact, almost

"any soil inventory we can afford to make over a large area, wiln involve

some generalization of the detailed distribution patterns we often find on

the ground. It would seem better, in such an inventory, 1 recognize frankly

that we are dealing with soil associations as units of mapping instead of

treating each area generalized in mapping as though it consisted wholly of

the predominant soil, as has often been customary in the past.

'Sapping procedures for large regions lacking information. Aany countries

interested in mapping their soils would prefer a procedure by which they could

get some useful information for all parts of the country, without waiting for

the entire area to be covered by detailed mapping surveys. Such a procedure

would have much merit and would be useful in any large region, such as Alaska,

"where there is little knowledge of the geography of the soils. Charles Z.

Kellog&I Chief 'of *the bivision of Soil Survey in the U. S. Department of

Agriculture, visualizes a procedure to accomplish this end /8, 9/.

the first step in this trocess is making the best possible schematic

soil association area map of the region or country' on a scale, 'ay, of

1:1,000,000, utilizing any and all evidence there is, e.g., existing soil

Maps; maps of geology, pysiography, relief, and natural vegetation; climatic

data, and iven"notes of travelers. In view of t!&e know facts that soils owe
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much of their character to the rocks, climate, vegetation, and relief under

hidch they have developed, it can be seen that if the geog'aly of these fac-

tors is understood, fairly qod general interpretations are possible of what

soils may be found under different combinations of the factors.

The second step is to select sample areas representative of each of the

broad soil association areas, and stuV and map the soils in detail, fitting

them into the standard classification as far as possible. At tue same time

all possible information about the productivity, and response to various man-

agement systems, of the different mapped soils would be accumulated, and the

best possible set of use and management predictions made for each. Farm ad-

visers would be taught to recognize the different kinds of soils and become ,

acquainted with their assets and limitations. In this way information devel-

oped in each sample area would have practical value throughout the soil asso-

ciation area of which it was representative, as agricultural workers would

have learned to identify each of the important kipdi and would apply to them

use and managenent recommendatimns developed in the. sample area.

The investigation in eachL sample prea. would, in effect, give an under-

standing of the pattern pf soils throuiot the soil association area. With

knowledge of this pattern and the classes of soils in it, reconnaissance sur-

veys could be used to revise the boundaries of the heretofore dchwatic s9il

association area zap.

Detailed surveys would then be extended to other parts of the soil asso-

ciation areas in accordance.yith the importance of problems requiring them.

The merit of this scheme.is that it gives agriculturl research

scientists az4 tarm advisers a framework of soil classification that permits

them to sort out remalts of experience and research according to kinds of soil
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to which they apply, and thereby to fit in some degree, recommendations of use

and Magemint to soil character, in all parts of the region without waiting

for detailed maps. This, of course, assumes their ability to learn to identify

the different kinds of soil. The "ame principles would apply in pining soil

information for uses other than agriculture.

Full utility of soil classification will, in fact, not be realized

until-the ability to identify soils is om of the working tools of fam 4v

sore and those engineers *hose problems'are related to kinds of soil. How-

ever, accurate mapping of representative sections in all important soil asso-

ciatiQns, by soil scientists experienced in soil classification is essential

to widespread ability to identify, and is of great benefit elsewhere. On the

other band, even wealthy countries cannot afford to map the soil everywhere

in the detail needed for intensive uses, aich as building construction. So

the necessity of soil identification remains, in spite of maps.

Progress in Soil Mpping

Approximately half the area of the United States has been covered by

soil surveys made in enough detail to enable reasonable predictions of the

potentialities of the soils. It has taken about 50 years to kchieve this

coverage (Fig. 2). At the present rate bf €overige, more tha" this length

of time would be required to complete the map of the country, except for the

possibility that soils information from some of the unpublished conservtion

survey zaps of the Soil Conservation Service can be used to construct soil

maps with relatively little field work.

Many other countries have recognized the need for soil maps and made

progress tovard getting them. These include: Canada, Australia, New Zealand,

Neth.erlands, Belgiuw., PortuWl, Germany, United Kingiom. and the African

Colonies of France, Britain, and Belgium, the Soviet Union, and others.



Physical D-M

REMO!=:

l, Baldwin, M., Kellogg, C. Z., and Thorp, J. "Soil Classificalion,"
U. S. Dept. of Agra Yearbook 1938, (193B), pp. 979-1001.

2. Coffey, G. N. A Stud of the Soils of the United States.
U. S. Dept. AVr.. Bur. SoLU, Bua bb.

3& Glinka, K. D, Die TIM der Bodenbilhmg. Ihre Klassification und
Geograrhische Verbreitun. Berlin, 1914.

4. G•inka, K. D. The Great Soil Group of the World and their Devel-
o_ _.t Translated from te (riman by co F. abut, Aim Arbor, l7o

5. Hil1ard, Z. Wo Report on the Geolog aMj A&irculturp of the SlAte
of MississiP 1860.

6. Hilard, F. W. Soils their Formationt Propertie! Composition,
and Relation to Climate aid in the Humd and Arid Regionse
New York, 1906.

7. Kellogg, C. Ze The Soils that Support Us. New Yor'-, 1941.

8. Kellogg, C. . "Tropical Soils," Tr. Into Cong. Soil Science,
Amsterdam, 1950, Vol. 1 (1951).

9* Kellogg, C. 3. Soil Survey koanual, US, Miscl. Pub. 274, 2nd ed.

10. Marbut, C. F. "Atlas of American Agriculture," Part III, Soils of
the United States, U. S. Dept. Agr., Washingtcn, 1935.

11. Shaler, N. S. "Origin and Nature of Soils," U. S. Geol. Survey

An. Report 12, Part II (1891).

12. Soil Science. Vol. 67, No. 2, Febriary, 1949.

130 Iftitney, V.. Soils of-.the United States. U. S. Dept. of Agri.,
Bur. Soils Bul. 55, 1909.



Physical Z-.

The field of hydrologr may be considered as that part of physical geo-

graphy concerned with the oocurrence of water o4 the earth.* A i•proved under-

stand'ng, in quantitative terms, of earth-Mter relationships finds Important

application in physical geography. Geqgaphers have usually dealt with water

relations primarily in terms of climatolog and geomorphology. They seldom.

considered oydrolog specifically as a separate factor with vhich they were

larticularly concerned, inaumuch as water problems seemed to be adequately

treated in the other disciplines.

It is the purpose of this essay to examine hydroiogy as it relates to

geograpy, to note-its relations to the other sciences usually considered basic

to geography, and to indicate how recent developments and trends in hydrology

impinge on the geographic field.

Scope and Development

TLe scope of hyurology is generally considered to be best expresed. by

the concept of the hydrologic cycle. In diagrammatic form, this concept has

been presented in a large nuber of publications. It indicates that water

precipitated from the atmosphere in part flows off the land and in part infil-

trates into the ground, to return in part to the atmosphere. Oontributions

from botn surface and subsurface water feed the rivers and thence the oceans.

Infiltrated water contributes to transpiration, evaporation, and seepewe to

the ground water table. Transporation and evaporation provide the mechanism

for return of water to the atmosphere to be reprecipitated, warm ocean sur-

faceb, of course, providing the principal source for evaporation.

Various aspects of the hydrologic cycle - characteristics and processes

concerning water in wporoms-, liquid and solid states on both the earth and in
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the atmosphere above the earth' s surface ' are considered from different fi.nts

of view in the fields of. meteomology, climatology and hydrology. Those per-

taiing specifitally to water on the land surface and within he ground are in-

cluded in hydrology. -Hydrology treats of rivers, sprim, snow fields, gla..

ciers, floods and droughts. Likewise, it embraces study of processes such as

transpiration, infiltration, evaporation, and sediment transportation.

A comprehensive review of'the historical development of the field of

hydrology is given by Meinzer /15/. In this connection,, it is interesting to

note that quantitative hydrology bean in the. seventeenth century with measure-

ments of rainfall and river discharge in France. At that time it was first

realized that rainfall is adequate to account for the flow of springs and

streams, and that evaporation from the kediterranean Sea is ample to supply the

water returned to it by rivers. There followed studies of artesian water,

relation of ground water to geology, and the hydraulics of open channel flow,

Yany detailed techniques and advanced concepts in current use were developed

early in the nineteenth century. By the latter half of the century, detailed

hydrologic studies of rivers and their basins were being made, and 1888 marked

the beginning of the modern network of stream gaging stations* Recent ad-

vances in hydrology have been particularly stimulated by the rapid development

of water resources of the United States. In the past twenty years, there has

been an upsurgence of work on flood control, dam and reservoir construction,

and soil conservations.

Tith the rapid developments in hydrology came a recognition of the need

for modern treatment in the form of general textbooks, and it is fortunate that

at present there are a nmnber of up-to-date treatises. As a general summary,

the text of Linsley, Kchler and Paulhus /13/ is outstanding.



Physical

Resource developeent has .%wolved. studies of storm rainfall /21/ and

floods, their frequency, maguitu•e•. •u azteorlogic aspects /5, 10/; of infil-

tration, overland flow, and the effects of vegetation on those processes /?.9/;

of nydrography analysis and flood routing /16, 8, 6, 14/,

$tudies of floods brought hydrologists in close contact with meteorolo-

gists, and engineering amnciep eaw the need for applying techniques of i.,tocr-

ological analysis in estimating the 'xinalm flood conditions for spillway de-

sign /2/.

Because the rate of Infiltration of water into the soil is a major detep-

minant of the amount of direct surface runoff from a given storm, the iafiitra-

tion capacity of soils became a problem of mjor importance, studies of which

involved not only engineers and soil scientists but plaAt ecologists as well.

Particular progress should te mentioned in •iysics of snow and snow

melt /11 and the subject of evaporation from lakes and reservoirs /17, 1i/.

In the field of glaciology, the 6candinavians have made far greater strides

than have Americans /1/, but in the 3ast few years there has been an increase

of activity in this field in western United States and Alaska.

The problem of climatic change has received tWe attention of a large

nu•oer of hydrologists as well as meteorologists and geologists /W/.

Relation to Physical Geoarap~y

In geograr;ic studies the climatic factor has long been recognized as

an important factor in delineating regional atterns% It goes without saying

that climatology is a necessery tool for the geogpapher. ,•odern meteorology

provides an increasing insigxt into the mechanlsu -by which climatic patterns

afe maintained, and thus contributes to a better unde•staridln of physical and

biologic relationships Inherent in geography. Modern training in geography



Physical 1-4

in)tacates a recognition that not only is climtology a tool neiessary for the

"--geogapher, but some trairiingtin meteorology is essential to an understanding

: of how climatic latterns are fashi-ened from the statistical distribution of

discrete weather events. In a similar mnzner hydrolog provides an insight

into those geographic phe nea influenced by water-land relationships.

Hydrology is analogous to both meteorology and climatology. Hydrology

encomnnassing the stxxW of discrete events, such as floods, is allied to atew-

ology. It is also the study of balances or average states, of which the

occurrence and distribution of ground water is an example.

In the techniques employed, hydrology is again analogous to both meteor-

ology and climatology. Modern meteorology is characterized by the application

of advanced mathematics to the analysis of greatly over-eimplifled models.

The simplification is necessary owing to the large mznber of variables and the

comparatively meagre volume of observational data relative to the great spans

of time and space. Hydrology utilizes such methodology, for example, in the

studies of the movement of ground water. On the other hand, tUe application

of statistics and the formulation o useful empiric relations as in the study

of flood frequency is not unlike' methods in climatology.

jiydrolooc Factors and Oeogra hic Patterns

In view of the direct influence on geographio patterns exercised by0

climatic factors, it may perhaps be less well 6ppreclated that hydrologic

factors also, at times, exercise considerable influenoe on the forming of geo-

gmPhic Patterns. For example, consider a situation in which the availability

of ground water has directly influenced the distribution of agricultural and

mumicipl development. The example is also usful to donustrate the fact that

in certain areas in the United States, full utilization of available water has
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already been accomplished and further exonuion of population or industry will

be seriously affected by the supply of water.

On the southern edge of the small island of Oahu, Hawaii, are concentra-

ted three large users of water, the city of Honolulu (population 5000,00), the

Navy installations at'Pearl Harbor, and two large wsgar bane plantations. ?x.-

cept for one of the plantations which derives part of its water from a s8y& !m

of collection ditches in the nearby mountains, all of these activities depernd

on grroud water pumping for their supply. The deand for water are high be-

cause this leeward section of the island has a high percentage of sushine, and

receives between 20 and 35 inches of rainfall anmanlly. The two plantations

alone pump from the ground 150 million gallons a day and have done so contin-

uously for more than 40 years.

The sources of this ground water is the Ghyben-Herzberg lens, locally

developed to unparalleled perfection. This lens can be thought of as a oubbla

of fresh water, which being lighter than sea water by the ratio 40:41, "floatd'

on the heavier saline water oelow. By inspection of F'igure 1 it can be seen

that the fresh water is entirely ecidined within the pores of the rock mkin

up the island. Hydrostatic equilibriom dictates that at every point, each

foot by which the free surface of fresh water lies above sea level, there must

be eslow that point 40 feet of fresh on top of the salt water. The gradient

of the 6round water table, that is the slope of the surface of fresh water, is

letermined 1W the permeability of the rock or the resistance to lateral flow.

lbe slope is maintained by the constant accretion of water resulting from

seepage of infiltrated rainfalI.

It is cl ear that pmping from the fresh water lens in excess of the ac-

cretion from infiltrated rain wuld gradually thin the lens and raise the
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level of the fresh-ealt boundary. A. tremndous volume of fresh water accuua-

lated during recent geologic time mbile the lens gradually eznlarged until out-

flow equalled inflow* Drpwiz, on this large supply, pumping might continue

for a long period at a rate greater than the accretion before the reduced sup-

ply reached a critical point. It bappens, moreover, because of the slow move-

ment of water throudi the fine pores of the lavas making up the Oahu cone,

that -adjustments in the large fresh lens follow only slowly after pumping from

the upper portion. So slow in fact are these responses that it is umrly

impossible to compile accurately a water budget and so determine just what is

the anwal increment and thus the allowable pumping rate /19/.

The tremendous demands on the fresh water lens in the vicinity of

Honolulu have locally raised the salt water boundary t r important amounts, yet

the adjustments are so gradual that it is impossible to define the allowable

lone-term-pumping rate from various areas. As a result, no one group has been

willinr to curtail puupin4g lest water vuuich a JJ.rson iiiht have obtained be

cra7i from, the co~non reservoir by his neigbor. Tnoui the problan is not

yet critical, there is every indication that for uany years the waterusers

have ieen drawing "capital" as well as "interest" frow their bank. Cells

formerly fresh have increased in salinity and Honolulu is now replacing deep

pips with sballow collection galleries to skim fresh water off the surface

of the lens.

That these hydrologic principles are as important in geographic analpis

as are climatic ones, can be seen by comparing land use maps with sources of

water maps. The periphery of the island wasine a band of suoar cane planta-

tions located where cloudiness is low and smnshine high, but where shallow

water is obtainable in wells. In a concentric band at higher elevations,
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insofar as topography allows, mirrigAted pineapple Is grown where the rain-

fall is 35 to 100 inches..

The city of Honolulu is located on a harbor where whaling and the ex-

port of sandalwood once dominated the shipping. 2nese products are now re-

placed by suer, pineapple, and by the tourist industry, Honolulu is locrt•rd

on a narrow strip of shoreline and has perforce expaxled into the precipi t,. LS

mountains behind it. Then Pearl Harbor became an important base, the city

extended westward on to the hotter flats bordering the drowned Valley which is

the harbor.

The hydrologic circumstances surrounding the occurrence of groundrv:a.;er

in southern Oahu ana the related inability to precisely assess tWe quantities

of "ater allowable for indef iite use, are rapidly bringing that area to a

critical point. Legal or administrative authority must allocate a limited

water supply between a long established agricultural priority, an expandin

suaicipel requirement, and a first order military establishment. That su2h

decisions will provide an interesting new series of geograp~hic developments

seeas clear.

L'he Oahu example is a particularly clear deionstration of how land use

often changes radically at a topogmphic or other boundary line representing

the econmical limit of ground water pumping. The example also typifies the

struggle between municipal and agricultural requirements for water. Similar

conflicts can be cited in many areas in the.United States..

There has been considerable discussion in the semi-technical press of

the seriously depleted water mappliep all over the United States. Though water

shortages are serious, in vome locel-ities, the problem is not as universal as

some would have us believe. There Is a definite need in the field of



hvysical

hydrology for technically competent discussion.in Jay term, of problems and

policies in the field of land - water relations. A distinguished example of

much needed public education is a recent analysis of ground water supplies in

the United States /18/.

Certain aspects of the interrelation of physioraphy, hydrology, and

geogfrlh are well recognized. Particularly by the application of now hydro-

logic data, however, the area of overlap of the three sciences is a field of

study of great potential interest to workers in each of the fields3 By a brief

discussion of an eaample, it may be possible to indicate first, how hydrology

is related to geography through its bearing on lhysiograry, and second, to

suggest one of the many directions of study which appear matally fruitful for

the three fields.

Relation to Geomorpholog

The exawple just discussed indicates that hydrology is a factor wihich

must be included in study of geograpiic patterns. Further evidence is seen

in the relation of hydrology to geomorpiology. No explanation is needed in

asserting that geowrphological concepts figure strongly in physical geography.

A locality described as pediment surface immediately brings to mind a host of

related facts regrding the climate, the nature of the soil, possible avail-

ability of water supplies, the ephemeral nature of stream flow and others*

Landforms described in terms of a gwomorahological region similarly provides

an immediate picture In generalised terms of the character of the country*

GeomorphologLc termsto describe the type of-river, drainage systems or pat-

terns, and many other features of the landscape will convey to the reader cor-

relative facts 1ih proportion to his degree of aaquaintance, with the details of

gpomorphology.*
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The grading of rivers is a pbysiograjlic process of interest to &so-

graphers. In academic courses in gsomorlhology it is deemed sufficient to

point out that most rivers rise in V - shaped youthful valleys where rushing

water flowing on steep gradients is most effective as an eroding agent., Down-

stream is a zone cf mature valleys where gradients are adjusted to the load

Emerging from the mountains, rivers meander lazily across a wide plan of ItkW

gradient*

'7e harbor a preconceived notion that because the slopes are steep in the

headraters of a river basin, the water velocity in the headwaters is greater

than. on the flood plain downstream. On the lower reaches of a river, we

imegine water velocity to be relatively low and for this reason, the water

transports only a fine grained sediment load which is deposited on the plain

or carried out to a delta.

These ideas must oe revised in the li, 1 zt of a hydcrologic analysis of

river grading. Inspection of actual measurements of water velocity shows

that the velocity increases downstream in a river system. Imagine all points

along a river and its tributaries to be flowing at an average discharge. Let

aorh point on the river be discharging at a rate equal to its average awnal

flow, 1.ith increasing drainage area as one moves downstream, the average

flow increases and therefore, the o pdition of average discharge at all points

in the system implies ag izcrease of flow toward the mouth in proportion to

the drainage area abo~ve, Under msch conditions, the velocity of water flow

increases from headwaters to mouth.

For example, the 7ind River at Dubois, 77yowing, a distant upstream

tributary to the Missouri. and thence to the Mississippi River, experiences a

mean discharge of 3D cub.c feet per second. The velocity corresponding to
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this discharge at that point Is lý6 feet per second. The mean flow of the

Mississippi River at Vidcebarg, on the other hand is 550,000 cubic feet per

second and the corresponding mean velocity is 5.3 feet per sec•nd.

Many examples might be cited, but it can be demonstrated that %hen the

flow at various points along a river system is of a given frequency of recur-

rence interval, the velocity increases downstream., In simple terms, if a

river is in flood and all tributaries are experiencing a flood of the same

relative rapitude, the velocity increases downstream just as it does during

periois of low flow /12/.

The explanation of the increase in velocity downstream lies in the fact

that velocity is affected by depth and roughness as well as by slope. The in-

crease in depth downstream over-compensates for the decrease in slope and a

net increase of velocity results.

The fact that velocity increases downstream while, at t.e same time,

size of the bed material decreases downstream, implies that velocity, through

the medium of slope, is not the primary adjustment by which sediment trans-

porting capacity is kept in equilibrium with the supplied load. Width of

channel is just as important as slope in this adjustment process. At a

given velocity and discharge, increase in channel width at the expense of

depth decreases the cepacity 6f the itream to 6arry suspended load.

It can be shown that adjustnents to accom6.date changing supply of

sediment take place primarily in channel shape and only to a minor degree in

channel slope. These adjustments are surpisingly" rapid and even during pas-

sage of a given flood wave, mlinor changes in chbanel "haI* occur through

which an equilibrium of capecity and lo is maintained. Gontrary to our

current conception, most river channels are in a state of quasi-equilibrium
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at all discharges, both at 'low flows sxin flood. The channel shape changes

sufficiently fast to keep an equilibriub iia9 during all stages Of physio-

graphic development, youth and old age as well as maturity.

Some potential geogramic implications of such a hydrologic analysis

of a geomorphologic problem may be cited, River control through the const-nic-

tion of dams, levees, irri&Ltion developments and power constitutes one (X-

the most powerful forces affecting geographic patterns in western United

Stateso Our ability to foremsehow these patterns will develop as river con-

trol projects are constructed will depend to a large degree on our ability

to foraveeevat changes in river regimen will occur. Sediment will be rem:-voed

from the water by deposition in reservoirs behind the dams. The clarified

water will tend to remould the channel with consequent adjustments in slope

and channel shape, Te control of a riverdhring this adjustment will recrire

further engineering work. Patterns of populxtion, transportation, marketing

and other phenomena of h-amen occupance will necessarily be affected by the

chanes in river regimen,

3uantitative Uyrolo in.

An attempt nas been made to indicate that the hydrologic factor is as

important in geograptic analysis as are the climate and meteorological factors.

It has been asserted earlier that not only does it have direct influences, but

it also has indirect effects on the hydrologic aspects of geomorliholog.

There is a third wa., in the writer' s opinion, in which an understand-

ing of hydrologr is important in geographic study. The geographic effects of

certain hydrologic factors, will be highly sensitive to small differences in

the qmantitative wvlues of these fectors. In such a case, general principles

are insufficient to evaluate the geographic ef.ects of hydrologic changes.
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The results •ay..differ widely depending on the particular values of the vari-

ables involved, For example, the United States is progreasing rapidly toward

a more complete gievelopamt of its water resources. It is recognized at the

same time, tb~t land resources must not only be developed in the direction of

more intensive and economic use, but nmst be protected aginst deterioration

of fertility and tilth and against unidb soll losses by erosion.

The development of water resources by dame, reservoirs, river channel

improvements and other engineering works has stimulated attempts to protect

these woks by improvement of general land-use practices. But it is difficult

to evaluate the effects of land-use chan~es owing to the lack of proper hydro-

logic experimental data. The available data were derived from studies of

small areas, and extrapolation to large areas involves two kinds of error,

1) small differences are mapified by the extrapolation and become signifi-

cant, and 2) hydrologic functioning of large areas involves variables not

present in the experimental data for small vatersheds. Thus, geographic

effects resulting from small changes of land use over large areas are diffi-

cult to forecast. The geographic effects of land use changes cannot be fore-

cast on the basis of hydrologic principles because such forecasts require a

level of quantitative knowledge not yet attained. Some details of this pro-

blem will now be discussed.

Though the amounts of sediment carried by different rivers is known in

a general vey, problems of reservoir design require much closer estimates of

sediment loads than are now possible. Equipment for sampling suspended load

of rivers has been radically im1proved in the past few years, but collection

and analysis of these records are so expensive that expansiob"of the measuring

network will proceed slowly. Moreover, it is clear that the unmeamsued bedload
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constitutes such an important percentage of the total load that exision of

the network and improvement of techniques in suspended load sampling will, in

themselves, fall hopelessly abort of the true target. Yet, the bedload prob-

lem is so complicate& that Werious attempts at field measurement are still

small indeed compared with. the suspended load sampling effort. To bring ta.-se

prograDs of investigation into proper balance is an administrative probl:,-. , f

high priority in the hydrologic field.

In the construction of large reservoirs the effects of lack of dta on

rates of sedimentation can, in effect, be eliminated by. providing suffici e•'

dead storage that reservoir sedimentation will be rendered unimportant d& ýng

the period of repeyment of construction costs. By this means, river control

by reservoir construction can, under current economic reasoning, be cade in-

dependent of problems of land use and condition on the contributory draiRage

area* From the standpoint of long-term resource development and conservatton.

such independence is unfortunate.

Land use practices can affect water supply, sediment contribution, and

the magnitude and frequency of floods, but the direction and maaiitude of

these effects are dependent on a host of local and,regional factors.. Were

significant net •a•in of a beneficial., dharacter demonstrable as a result of

land treatment measures and conservative land use practices over large water-

sLeds, then the public desire for power irrigation, and flood control could

be effective levers in Implementing programs of conselation on the ground.

At the present time programs for erosion control and watershed retarda-

tion are found justified in many areas onU.. y inclusion of benefits accruing

from subsidiary effects of the -pogram...The often specious reasoning necessary

to show a favorable cost-benefit ratio for land conserutiou work reflects
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not only a curiously monetary econaciphilosopky but a serious lack of basic

hydrologic knowledge. The discouraging aspect of the problem is that the col-

lection of adequate hydrologic knowledge for full evaluation of the effects of

land use programs ia neither viorously prosecuted during -the planning of a

propobd program nor includad in the plan as an integral part of the field

installation. At this rate we will continue to decry our inability to justify

land treatment measures on their own merit. At the same time we tolerate

wholly inadequate programs for the oollection of the basic data necessary to

provide sound quantitative evaluation of the conservation measures which we

wish to justify,

Field experiments to examine the effects of various land use practices

on water and sediment contribution have generally been restricted to watersheds

smaller than a few square miles. Cuantitative data on infiltration capacities

of soils are available for only an insigaificant percentage of the total

number of soil-vegetation complexes on which land use treatment will be applied

if federal programs now contemplated become realities.

Experiments on small watersheds have demonstrated conclusiwly that

restoration of deteriorated vegetative cover reduces erosion and-reduces the

sediment outfleo* That the same- rinciples apAy to large watersheds seems

clear. However, in many western rivers. flowing in unconsolidated alluvium,

large volumes of material are available for transportation by the rivern If

.the sedi et concentration of the water oontributed tV small tritutaries into

the channbl of the master stream has been reduced, it Is possible that the

clarified water may pick up sufficient material out of the stream bed to

deliver in downstream reaches nearly as much sediment as was delivered before

the watershed vegetation ias restored.



Physical E45

As an exaiLpie, i Planding'a program of Uri& treatment, it is often

asserted on the basis of meagre 'data. that the pt~posed mftsuree such as ter-

racin& reseedin, erosion control structures and water spreading will lover

the rate of sediment production but will have inignificant effects on 4ter

yield. Such a Ooncluuion may be based'on values 'of- infiltration and traniyi r-

ation derived from experimental plots or small watersheds* Slight erroro i-1

extrapolating-'these values to -apply to large watersheds could make a great

difference'in the 'final results.

To retapitulate, general knowledge of hydrologic processes provide, a

perfectly sound basis for anticipating the types of effects and interactiun.;

which might be expected as a result of a large scale and intensive modifica-

tion of present land use practices. These effects, known in principle, are so

dependent, however, on the quantitative values of the many variables involved,

that even the direction of change of factors such as total mater yield as ý.

result of a conservation prbgram, may not be possible to determine. Chanies

in land use, even though small, *ien applibd to large areas nf lard, set in

action a host of interdepenment 'reactions5 'So complicated are these variables

that detailed quantitative: data of hydrologic charaeteri ae necessary fbr

determining the results.

It was stated that' sne changes in'land use' patterns had geographic

'implication oT great 1dtential& importance.' To foresee the effects of changes

"in land use on geogrepil patterns, nmst in effect, depend 'to a large degree

on quantitative knowledge of bydrologic &actors5 Problems of land use and

changes in use imidn&e On oCc'pance and other aspects 'bf geographic patterns.

It will be realized, on r6flerdtion, that 'the "Azltlcnvim w of land stands in

contrast to*ews of many otiers oc'teoOwin g 'relative land eAid scarcity
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in Europe manating particularly from Feudal timea, the necessity for inten-

sive use of land helped cultivate a pbilosophy of responsibility and hue-

bandry as yet lacking in America. The typical American frarer feels no,eth-5-

cal compunction if.his land is cut with 4llies qnlr an economic regret or

and ache in his back after plowing. Two forces wi•j gradually press tov.,"

the assumption of an ethical responsibility; economic, as land scarcity fo f s

more intensive use and preservation of land; and scientific, as the facts

accumulated by research more clearly delineate the interrelations of land

piractices and the disposal of water and erosion products. In the latter

respect, hydrology holds the reins,

Status and Trends

It has been asserted that hydrology is related to the general fiell

of &TOLL& in three primary ways. First, hydrologic factors may affect

geograj.ic patterns directly. Second, hydrology acts through geomorprologr.

Many problems of current interest to hydrologists are fundamental to an

understanding of geomorphology. Third, quantitative values of hydrologic var-

iables are often the key to prognosticating the effect of hydrologic changes

on social and agricultural patterns. A general knowledge of principles is not

necessarily sufficient to evaluate the effects of even small changes in land-

water relaticms, when these changes affect geographic regions.

Perhaps the most important effect of present trends in hydrology con-

cern the quantitative evaluation of geographic effects of small variations in

hydrologic variables, particularly those related to land use. Such quantita-

tive data will provide the basis for evaluating many different kinds of

changes which occur in uwter-land relations. Climatic change and it s affect

on land use patterns is one example. The effect of large scale river
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development is another. These are effects of such application that the

importance of the hydrolog.c factor in geographic stUy will oartatnly become

increasingly -cleart
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PYSICAL OCI0UMA

Introdction and ackound

There are problems in attempting to speak for the oceanographer" to the

geographer, or fully to wm the place of oceanography in a survey of physical

geograp~y. Modern oceanography is an extensive and rapidly expanding field.

Workers in oceanography include physicists, meteorologists, chemists, biologists,

and geologists. There is a wealth of diverse information already available and

intensive current research on many unsolved problems is underway. Actually,

there is a geography of the oceans almost as broad in it biological and physical

ramifications as the geography of the land portions of the earth.

Ocean areas constitute almost three-fourths of the earth' s surface. The

oceans have important inf luences on weather and climate, on landforms, and on

transportation and other vital economic pursuits. A detailed treatment of the

different aspects of the oceans may be gained from the treatise by Sverdrup,

Johnson, and nleming/ 1/. The present discussion is concerned with the physical

oasis of oceanography and with certain implications resulting from it.

It is instructive to compare this work /1/ with such earlier treatises

of comparable scope ani intent as Reclus' The Ocean /2/. One finds a decided

change in the nature of the presentations over the last century or so, the

later works being much more technical and quantitative than the earlier. This

trend is not peculiar to oceanography, but is characteristic of all modern

scientific disciplines underlain by physics, chemistry, or mathematics.

Several developments have favored this change. The growth of instrumei-

tatioci made possible by advances in applied physics, has led to an increased

precision of measurement. More widespread interest in oceanographic problems,

often motivated by practical considerations, has brought about surveys,
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expeditions, and programs of systematic masuarement which are relatively exten.-

sive when compered with similm projects in the past. But profounder than these,

so far as physical oceanography is concerned, has been the gradual develolment

of a fairly secure mathebmatical basis for theoretical researches. Much of this

review A1ll be devoted to an elementary exposition of this sathertical basis

and a survey of some recent results that have been obtained with it.

Further, in physical oceanography, the motion of the water is of primary

importance and must be understood before other problems can oe attacked. Hence,

attention is given to wves and currents and to the effects they produce.

Studies of ocean currents are based on the classical equations of motion

in the Newton.,," pysics. The first adequate theoretical accounts were given

in the present century. Among them is Ekman' s theory of wind-driven currents,

which lead directly to the description of the upwelling phenomenon which so

delights the student of physical oceanography when he first encounters it. The

account of ocean currents given below rests directly on 3kman' s theory.

The classical solutions for both waves and currents neglect the effects

of turbulent friction and these effects are among the most important contempor-

ary problems in oceanography. Rossby and his collaborators have attempted sol-

utions which take them into account and have shown that the classical fornaula-

tions represent only first approximations which may, in some instances, be

quite wide of the mzrk

Scientific Method in Oceanogralh

The scientist from another field who examines work in oceanography is

often disturbed (unless he is a meteorologist) by the marked contrast between

the level of theoretical sophistication at wifch the physical oceanographer

operates and the crudity of the data that can be obtained. The influence of
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WMny uncoatrolled sources of variation usually maked physical measurement in

ocenographa highly unrealiable, yet the physical ocenographer does extensive

theoretical work in connection with his observations, partly because the obser-

Ytional data are ,so crude and partly because of the close ties between ocean-

ograPhic phenomena and portions of experimental and theoretical physics.

In laboratory sciences, the classical scientific method is to remove

scources of variability by rigid experimental controls and to theorize only

after the basic processes are reliably established. Most of the material dealt

with in oceanorap•y mast be taken in its istural context, a context involving

complex interactions anon• various processes which proceed simultaneously and

whose effects must oe dealt with as they occur. Furthermore, the data which

the oceanogralher obtains are often essentially incomplete. Gatherin data at

sea is an expensive operatioa so that, in normal circumstances, an adequate

coverage of even a relatively small region for a short period of time does not

frequently occur. Most sets of oceanogaphic measurements are fragentary with

respect to the factors affecting the phenomena under scrutiny and are widely

scattered in space and time. In view of these fundamental limitations, the

oceanographer is occasionally asked by sophisticated scientists, from disci-

plines in vhich the measurement problems are not so acute, why he does not con-

fine himself to simple correlational studies among various aspects of his crude

data, He maut defend his extensive theorizing about phenomena so incompletely

understood.

The first point in his defense is that the theories he uses are not

based on oceanowgra;hic data, but are largeLy taken over from experimental and

theoretical physics. 71hether he deals with ocean currents, radiation, water

waves, or processes of diffusion the basic theory employed is of unquestioned
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mlidity in other contexts. These fundamental physical processes have been

thoroughly studied. The oceanogapher assumes that their operation in the

phenomena he studies is essentially the same as their operation elsewhere

provided that, in applying the principles describing them, he makes din al-

lowance for such special conditions as wy occur in his problem.

The second point is that the use of theory is necesmsry precisely be-

cause the data are fragmentary and wireliable. His only hope of msking more

than a series of isolated observations out of data obtained at different times

in different regions of the oceans is to build a theoretical framework encom-

passing all the observations. To this, each observation contributes and his

success in fitung a theory to the scattered observations adds to our under-

standing of the phenomena and usually provides sufficient justification for his

theorizing. If his measurements are highly unreliable, very large collections

of data would be necessary to establish significant covariations between two

or three aspects. Demonstrated physical processes are presumably amon the

major sources of variation. The ocear rapher atteqpts to remove the effects

of these processes by means of his theory. Occasionally, he finds that, when

the obscuring effect of variability attributable to some large-scale #hscal

process has been removed from his data by theoretical manipulation, relation-

ship, between other aspects become fairly obvious.

The third point is that he does not pretend to make highly accurate pre-

dictions. A glance at the graphs in !he Oceans, for example, will show that

the physical oceanographer is content at present to obtain a rough correspon-

dence between his theoretical analyses aid the data available.
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1. .e ttieoretical picture.

Oceai wavaer can oe characterized oy such physical and chemical properties

as ten era~ure, press.ure, density, conductivity, salinity, and chloriaity. At

any civea tiue the water in a given place Pas unique values for these •mysical

and c-.e...ical variables. The physical oceanographer works toward a conplete

descrij:tion of the distributions of the physical and nfilca, properties of

sea , .ter anad he temporal cnai-es in the distributions. he considers the

ocean as a bounded system in which charnes are afiected by external processes

at tne bouaiaries of the systeu. aid .,, internal processes wich depend only on

the ?roperti.. of the system.

."e uature of the proolem and tae kinds of proc~sses wnich must ze con-

siderec, minipt oe clarified by the exawr.iation of a specific exaaple. Sup-ose

that tLe distribution of temperature throughout the oceun .%as know-. exactly at

a certaii ti"e in the pat and it was desired to calculate the distribution

after a 4vez. time interval. Lnowledge of the following factors would be re-

quired. (For an exact solution, the spatial and temporal distribution of each

source of e~ere•q .. st be known.)

a. Ahe radiation abior.ed and euit.ed at the see st-face.
2. _•e het * it~rc.,e 'its the atLosi:here Cue to covection of

sensible neat.

c. -he inteciaie of Laecnanicnil e..erby wAU1 the atmosphere.

a. -he evaporation and co.diaition of water vapor at tae sea surface.

e. ý'he coavection-of qeat at the ocean bottom.

f. ±e ~ir. or loss of heat at the mouths of rivers due to the influx

of rater with its own characteristic temperature.
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go The transformtion of mecbsuical energy into heat due to internal

friction in the ocean water*

h. The tranormation of mechanical energ into heat due to bottmn

friction,

i. Heating due to chemical or biological processes within the ocean.

J. The extent of turbulent mixing within the ocean and its effect on

the distribution of temperature.

k. The extent of transformation of heat into the mechanical energy of

thermal currents.

No oceanographer has, of course, attempted a complete solution of this kind, but

these are the -. ,cesses he would consider if he did, In the analyses of cer-

tain gross features of temperature distributions which have been made /I,

some of them have been considered. Others have been shown to have negligible

large-scale effects.

It is of interest to note that the theoretical framework built by the

oceanographer is nearly adequate, in a formal sense, for the solution of his

problem. In order to see this, we shall re-state the problem somewhat more

precisely than above. Neglecting biological phenomena, the independent

variables are pressure (p), temperature (T), density (A), the concentrations
of m chemical compouns (C, 02,. CM) and three velocity components

(ve, vy, vI). There are other physical variables such as electrical con-

ductivity, but these variables are known in terms of the variables given above.

The basic problem, therefore, is to express these m 4. 6 variables as functions

of the three space coordinates (x, y, x) and time (t). For this purpose, the

following knowledge is available*

a. Density is determined ty pressure, temperature, and chemical
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consti tution.
S:(p, T, ..... (29C6

b. The hydrostatic relation holds Detween pressure, density, and depth.

In differential form,

y 4 ,v (2)

mere g is the acceleration of gravity-ani the z-axis is taken

positive upwards.,

c. The equations of motion on a rotating globe must be satisfied.

I11 friction is neglected, these three equations uay be written in

a single vector equation

I~- Vp (3)
whereV is the acceleration of a material practically of unit mass,

g is the acceleration of gravity,(j is the force doe to the earth s

rotation, and.V p is the pressure gradient. For many investig-

tions, friction cannot be neglected. Mie inclusion of its effects

in the theory results in the addition of another acceleration on

the right of /3/ and in the introduction of a coefficient of vis-

cosity. Thus far, attempts to find a general expression for the

coefficient of viscosity in terms of the other variables have been

only moderately successful /3, 4,5, 6/.

d. The classifical-notion of the conservation of mass finds expression

in the equation of continuity of mass,

A 7- - / V -<4)

where st iector notation has been used, .A verbal statement

of the content of equation/,4/ would be: The rate of increase

of density in the vcia-ity o0 a given fixed point Is equal to
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the rate at which uass converps on the point from elhwhere in

the fluid.

e. For each chemical substauce, an equation of continuity must be

satisfied. These equations have the form

+ " (5)

In equation (5) is the change in concentration at a fixed

pointV- is the iecrease in Cj at that point due to advection,

D is the change due to diffusion, and R is the rate at which the

given chemical compound is added to the fluid at the point in ques-

tion. The evaluation of D is closely related to the problem of

ev"uatiga friction and has approximately the same status at the

present times. Both depend upon the extent of mixing which, in turn,

depends upon the basic physical variables and the state of motion of

the fluid. Fbr certain substances, such as salt, the assumption

that R a 0 can be made. Since the overall amount of such substances

present in the ocean is affected only by processes at the boundaries,

they are called conservative. The concentrations of certain other

substances, of which oxygen is an example, are subject to relatively

important effects of processes occurring within the ocean. These

are called non-conservative.

Zquations (1) to (5) are seen to be m 4 6 in number when it is re-

membered that (3) and (5) entail three separate and m separate equations

respectively. Thus, we may state that any problem in physical oceano&raphy

can be solved provided that:

a. Processes at the boundaries can be adequately evaluated.

b. The regions in which given substances of interest for the problem
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are emit ted into or removeA from the fluid can be delimited and their

rates of emission or removal comupted.

c. The effects of 4xing can be neglected or calculated.

d. 'Ahe technical mathematical problem of solving the differential

equations can be achieved.

In actual research, the oceanographer always simplifies the oquations as

drastically es he can. Unless, for example, he is investtiting oxygen content

for its own sake he would rot attempt to take this variable into account in his

computations of density- The major variables affecting density are salinity

and salinity and temperature and these are all he ever uses when he is inter-

ested. in density* Considerable success has been achieved in describing ocean-

ographic processes in terms of the theory outlined above.

A moment t s reflection on the problem as it has been stated and the

&eneral outline of the theory for dealiag with it will reveal that knowledge

of the state of motion is of fundamental importance for unlerstanding oceano-

graphic events. Since much theoretical and observational effort has gone into

investigating various limited aspects of the motion and some of the most inter-

esting recent research centers on them, we shall proceed next to a brief con-

sideration of several selected aspect.

2. Currents in the surface layer.

A tremeadous amount of observational material on surface currents has

been accumulated and charts showing the general pattern of the surface motion

are widely available /1/. Comparison of such a chart with a chart of average

wind patterns in the atmosphere reveals considerable correspondence in the

major features of the distributions. The close similarity between these two

patterns is interebting in itself, bat achieves an added increment of Interest
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from certain theoretical iosses which have arisen in connection with the sur-

face currents.

A steady current cannot exist at any depth unless the isobaric surface

at that depth slopes relative to the level surface. This means that the exist-

ence of a steady current at the ocean surface implies a slope of the free sur-

face. Because of the influence of the earth' s rotation the current runs at

right angles to the direction of slope of the surface with the sarface high

to the right of the current and low to the left in the Northern Hemisphere.

It follows that there mast be a permanent non-oogeneous distribution

of cass accompanying the ocean currents. It is possible that this nom-

homogeneous Z4os9 was brought about and is maintained by thermal (more properly

therzo-haline) effects in a manner similar to that outlined by Bjerknes and

his collaborators /7/ for the atmosphere. It is also possible that the mass

distribution was broudht about and is maintained t1 the stress of the wizils, or,

of course, by some combiration of the two factors. Recent investiations

/8, 9. 10, 11/ indicate that perhaps the wind stress alone may be sufficient to

account for the observed case distributions and currents.

The wind stress causes currents in the water. 1hese currents are of

such a nature that there is a general transport of water in a direction to the

right of the wind direction in the Northern Hemisphere and to the left in the

Southern Hemisphere. Tbus, under certain conditions water would tend to pile

up to the right of the wind in the Northern Hemisphere. This piling up results

in a mass distribution hdich in turn results in a current. The current is not,

as was naively thought at an earlier date, a simple direct effect of the wind

stress but a secondary effect from the accumulation of water that results from

the stress-indced mass transport. In these terms, it follows that it Is the
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vorticity of the stress field, rather than the simple stress, which is important

/11/. Txdis Foint can be clarified tr a simple example.

Suppose that the atmosphere was in motion only over a lmited portion df

the ocean and that in this region the winds were westerly, strong to the north

and progressively weaker toward the north. The stroug winds in the wrth would

cause a large transport of water into the region; the weaker winds to the south

would cause a smaller transport of water out of the region. Under these condi-

tions, mass must accumulate inside the region and a current would flow with the

high surface due to the accumulated water on its right. This current would

then be westerly in the North and easterly in the South, although it is broudit

about entirely by a west wind. Computations of the major features of currents

and uts distribution based on the vorticity of the wind stress give the ob-

served order of manitude. The deviations seem swall enough to resalt from

inaccuracies in the observations, so Lhat the possibility of an almost complete

dependence of oceau currents on the wind field is indicated. It is possible

that this knowledge may lead to fair predictions of deviations in the ocean

currents from their average position.

Other current reseerch of importance and interest is the investigtion

of transient eddies in the Gulf Stream /12, 13/. Of particular interest is the

developuiet of large-scale eddies which selarate from the main stream and

3. Wind, Sea, Swell, and Surf.

The importance of surf conditions for landing operations in World War II

gave impetus to excensive research on short period surface waves. Results of

this research are sunmarized by Sverdrup iad Munk./14, 15/. Qualitative obser-

vations indicate that these waves are formed by wird stress; hence, in principl%

it should be possible to predict the wave characteristics whenever the wind
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field is known.

In the theoretical apiroach the energy imparted to the water by the wind

is computed. This energy gives a motion to the water particles which is des-

cribed by the wave equation. The energy received is broken up into two Parts,

associated respectively with the height and period of the waves, 1W a somewhat

artificial partition whose physical siguificance is not clear. Iollowing this

partition, it is possible to compute the height and period of the waves in the

generating area in terms of the integrated effect of the wind for its fetch and

duration. The results are in good agreement with available observations of

waves and wind in the generating area, an agreement brought about, in part, by

the selected partition of the energy. The wave height which is calculated is

approximately the average height of the highest third of the waves present and

the period is that associated with these significant waves.

After the waves have been generated they leave the generating area and

cove as a train. The wave front (a region of sharp transition from low to high

waves) moves with a characteristic group velocity. During this movement the

height of the significant waves decreases and the period associated with them

increases. This phenomenon is handled by means of an interchange of the

energies associated with height and period* From a knowledge of the wave

characteristics in the generating area and the distance over which they must

travel, it is possible to compute the height, period, and arrival time of the

resulting swell at a distant point.

Sverdrup 1161 has re-examined the increase in period and decrease in

height of the significant waves during the travel from the generating area.

He assumes a spectrum of impulsively generated waves in the generating area

and shows that, on the basis of conservation of energy, one would expect the
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heiaht of the waves at the wave front •to decrease, but not so.rapidly as in the

earlier theory. He then introducep air rpsistance as an additional factor and

"obtains results in general agreement with the earlier theory but uhich show

that the previous theory was an oversimplification, since in the new theory

the characteristics of the decay process and movement are not completely deter-

mined by the height and period of the waves as they leave the fetch. When the

effect of air resistance is considered the theory predicts that short period

waves will die out first, in agreenent with observations that swell is longer

and smoother than waves in the generating area.

Interest in surf conditions has stimulated research on the transforma-

tions of waveu as they near the shore. The refraction effects of the bottom

/17, 18/, longahore currents due to water transported by the waves, and the

movement of sand on both shore and bottom due to wave action and longshore

curreats have received attention.

lany interesting and important theoretical problems remain in the study

of wave generation, ýodification, and decay since the theory remains quite ten-

uous at several points. Yet the general system has enjoyed considerable suc-

cess in the prediction of wave Iihenowena from weather data.

There are rany other wave phenomena in the ocean such as tides,

tsun-iis, internal waves, and surf-beats. In view of spece limitations these

will not be discussed.

4. Water masses and underwater currents.,

A mass of water can be identified by its #hysical properties and

chemical content. The most important variables used in this identification

are tem~ierature and salinity. Rather uniform geol•hsical processes tend to

; rOde systematic differences in the water cbracteristic of various ocenic
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regions. In regions of high evaporation, the water tends to hav a high sal-

inity. In warm regions, water temperature is characteristically high. In cold

regions where there Is a large influx of fresh water from the mouths of rivers,

water of low temperatures and low salinity is formed. In the Gulf Stream

system, water of high salinity is cooled as it woves northward, forming a

water mass characterized by high salinity and fairly low temperature.

As a water mass moves from its place of origin its temperature and

salinity are gradually modified, yet the water mass can be traced as it moves

from its source. In general, a water mass cannot be identified by a single

value of temperatuare and salinity since these quantities are subject to varia-

tion in space -- 'L time. hather, the identification is by means of a character-

istic tempsrature-salinity curve. Mhe possibility of tracing the movement of

water masses through meamurements of temperature and salinity enables the

oceenographer to construct the patterns of deep water flow. Currents in the

ocean depths have not been accessible to direct observation, but measurements

of temperature and salinity can be made at any depth. The detailed results of

such analyses are presented by Sverdrup, Johnson, and Fleming /1/.

Some Climatological and Ecological Aspects of the Oceans

As water masses move their properties are modified very slowly. The con.-

ditions which give rise to the formation of characteristic masses are relative-

ly uniform from year to year. Over large regions in the ocean, the only changes

in climatological conditions which can occur, aside from the surface layers, are

due to the influx of water masses formed elsewhere in the ocean. The deep water

in these regions remains remarkably uniform over long periods of time. Zven in

the surface layers, accessible to the effects of solar radiatioz, evaporation,

and Interchange of energy with the atmoslhere, changes tend to be rather slow
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because of the physical properties of sea water., Its high heat capacity and a

high latent beat of evaporation tend to keep o es in temperature small and

gradual. In this connection, it should be Awted that ocean-living animals have.

not developed the complex temperature regulating mechanisms neoessary to land

animals.

In the highly stable deep-water environments, marine organism become

closely attined to the prevailing mean conditions so that slight environmental

changes from place to place produce recognizably different organisms. An

interesting rhenomenon resulting frow slow diurnal changes in the amount of

light at intermediate depths is a diurnal vertical movement of organisms to

preserve opt.4 conditions. The upper layers and regiom near shore where con-

ditions are less uniform are inhabited by "oro mobile and adaptive organisms.

* It is possible to divide the oceans into more or less clearly defined climat--

ological regions, each occupied by organisms of specific types with little over-

lap in the forms of life.

Interrelations of Oceanoraphy and Other Erth Sciences

1. Oceanography and climatology.

The influence of the oceans on average weather conditions has long been

known. There is a vast difference in annual and diurnal air temperature changes

over land and over the *ateri Over land, the radiation from the sun does not

penetrate deeply. The major"effect of the radiant energy is confined to the

very crust of the earth. AAs the temperature of the earth' s crust is raised,

the air immediately above the earth is warnied to a considerable extent. In

"the ocean, an entirely different situation obtains. Because of the transpar-

ancy of the water, radiant energy penetrates to considerable .dopths. In addi-

tion, the ever-present motion of the water gives rise to turbulent mixing by
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which the heat energy is carried downard from the surface. Hence, temporal

differences in radiation cause much larger temperature changes in the lower

layers of the atmosplere over land than over water.

It follows that a region in which ocean winds prevail will have a mild

climate with only moderate swings of temperature as comred with a region not

under the influence of ocean winds. Through the belt of the westerlies in mid-

latitudes the west coasts of continents enjoy these mild maritime climates in

contrast to the east coasts which are marked by the large diurnal and annual

temperature changes characteristic of the middle sections of the continents.

The influence of the ocean described above is present independently of

the effects o. dzy particular current systems that may exist. Cold or warm

currents carrying abnormally cold or warm water to given points on the coast

may, it is true, cause a temperature anomaly at those points over and above

the general influence of the oceans on the climate; but the mazitime climate

of the west coast of Europe and Africa would continue even if the Gulf Stream

were diverted.

2. Oceanography and meteorology.

The close relationship of these two fields is apparent in much of the

previous discussion where important influences of the atmosphere on the ocean

have been indicated. If the oceanographer is to use his present theories of

ocean currents and of wind waves and swell for forecasting purposes, he needs

accurate meteorological information. Typically, the oceanogapher is concern-

ed with weather patterns over the ocean, where meteorological stations are

widely scattered and considerable extrapolation is necessary to form a picture

of the weather over a large area. Hence the oceanographer welcomes admwces

in meteorology which indicate new measurements that can be made at each station
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so that extrapolitions are based on =uvre -extensive Jata.

The -meteorologist has always beol iuterested in the modification of air

masses over the ocean and in these days of transoceanic flying his interest has

been increased. Some direct work on "this problem has been performed. During

the winter months there are frequent outbreeks of cold, relatively dry air mov-

ing from the east coasts of continents out over the water. Under these condli-

tions, instability exists in ooth air and water and a violent flux of sensible

heat and %ater vapor into the atmosphere occurs. The problem of handling fric-

tion theoretically is relatively simple in the preseace of such intense turbu-

lence and it is possible to compiue the uolificaticn of temperature in the

atmosrhere Iuite successfully /19/, 1nhe increase in the water vapor content

is not so easy to compite arni this aspect of the problez remains unsolved.

An extensive amount of theoretical and observational labor has oeen

expended in the investigation of air irass zr-dification over the water wnhe the

air is varmer than the water and conditions of stability are present /20, 21/.

This problem is exceedingly aifl icult and has not, to the author's knowledge,

been adequately solved.

The location of storms at sea can seldow be very definitely established.

Cff tne xejor shipping routes, weather reports are widely scattered so that the

meteorologist must of ien map the entire ocean from as few as eight or ten

reliable reports. Witth the development of Yave recording instruments long,

low waves arriving well in advance of the visible swell from a storm have been

discovered. A tecLinique has been sugested for using such wavtes to track the

movement of the storm in which they were generated /22, 23/. There are

indications that, with adequate wave recording facilities, a complete analysis

of the records of these waves would jake possible computation of the size and
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intensity of the storm as well as its location. The information added tV this

tool, if it proves usable, will be invaluable to the maritime meteorologist.

Applied hysical Oceano a ,

There are a variety of practical problems of importance to industries,

shore communities, the military establishment, and others which require the

technical advice of someone well acquainted with the principles of physical

oceanography for their adequate solution. In this section, a small sample of

such problems will be presented, with a few commients relative to each.

1. iWa seaside cocmnunities have set up sewage disposal plants which

utilize the ocean as a dumping ground. These comnunities frequently

discover that the sewage is returning to pollute their beaches. In some cases,

an oceenosgrar-her could have predicted this and could also, at a small added

cost to the comnunity, have arrarged the sewage disposal so as to avoid tWe

resultant beach pollution.

2. At many points along our coasts, breeakwters have been erected

for various purposes. The breakwaters disturb the pattern of currents along

the shore, and over a period of years, there is a filling of sand on one side

of the breakwater and a cutting away of the beach accompanied by considerable

damage to valuable property on the other. This result could invariably be

predicted by a physical oceanographer. If such a person were consulted during

the plannin of a project of this kind, he could usually place the breakwater

in a position where property damage could be minimized.

3. Various industries build structures offshore, sometimes in water

of considerable depth. Here, an oceanographer can estimate the maximum stress-

es to which the structure will be exposed, providing information of value to

the engineer.
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4. The fish.ing industries notice seasonal migrations of various fish.

Occasional4 the fish migrate out of season and some time elapses Defore they

are ain found. On the hypothesis that these migrations are determined by

anomalies in the rIi~.cal properties of the water, oceanographic study of the

problem .ihtt well be worthvhile, One applied recearch project of this kind

is already in existence.

There are a large variety of projects in which oceanographic (geological,

biolo6 ical, chemical, and physical) knowled&e is nearly indispensable. Certain

inaustries have long recegized. this and have utilized oceanographers as con.-

sultants or secured trained people to work directly for them. There is, how-

ever, a dear.; of what might be called 11oceanographic engineers" and an un-

fortunate general ignorance of the amount of oceanora~phic information avail-

V able and the uses to which it can be put.
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